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ABSTRACT 
 
The present study tested whether eucalypt seedlings benefit from a reduction in 
irradiance when growth is limited by low temperatures.  Growth of snow gum 
(Eucalyptus pauciflora Sieb. ex Spreng.) seedlings was studied for five consecutive 
seasons in a treeless pasture at 1000 m elevation where frost is common.  Seedlings 
were planted at the beginning of autumn on north and south sides of vertical panels 
transmitting 50 % incident sunlight.  This planting arrangement allowed assessment 
of excess irradiance on growth of seedlings subject to similar minimum 
temperatures.  The panels remained in place for the first two seasons of the study and 
at the beginning of spring were removed to determine under common conditions the 
influence of different irradiance regimes during autumn and winter.  Over winter, 
shaded seedlings were less photoinhibited, had higher photosynthetic CO2 
assimilation rates, lost less leaf area and maintained higher leaf area ratio than 
unshaded seedlings.  These differences were consistent with greater growth in shaded 
seedlings by the end of winter.  The benefit of reduced irradiance during winter 
however did not translate into continued superior growth after the shade shelters 
were removed.  During spring, seedlings which were previously shaded suffered 
more frost damage and had reduced photosynthetic rates so that overall, seedlings 
that were formerly shaded accumulated less biomass than seedlings exposed to full 
sunlight for the entire experiment.  These results show that in the short term, shading 
at the coldest time of the year may explain why nurse plants can improve 
regeneration.  However in the longer term if seedlings are subsequently exposed to 
full sunlight, the prior benefit of reduced light may not continue.  Finally, 
recommendations are provided for tree planting in cold regions. 
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Chapter 1 
Introduction 
 1.1 Literature Review 
  1.11 Introduction 
This project investigated the influence of excess light on the growth of snow gum  
(Eucalyptus pauciflora Sieb. ex Spreng.) in the field in an environment where low 
temperatures are regularly below freezing.  However without any background 
information it would be difficult for a reader to understand why the experiments 
undertaken during this project were conducted.  Essentially in this chapter the reader 
is introduced to what is the level of forest loss and degradation in Australia, followed 
by how is microclimate altered by forest clearing.  The reader is then presented a 
summary of how plants respond to a range of multiple stresses and what is the 
ecological evidence for this.  The objectives of this study are then outlined explicitly. 
1.12 Forest loss and degradation in Australia since 
European settlement 
Since European settlement of Australia there have been dramatic changes to the 
extent and composition of vegetation.  There has been an overall decline in forest 
area of about 40 % from 688 000 km2 to 395 000 km2 when all forest types (> 30 % 
tree cover) are combined (Auslig 1990).  With respect to woodlands (tree cover < 30 
%), the area that has been either cleared or substantially modified has been described 
as one of the most significant vegetation changes in Australian history (Yates and 
Hobbs 1997).  However when the area of woodland today is compared to the 
estimated area 200 hundred years ago, there has actually been an increase in cover 
from 3051 000 km2 to 3257 000 km2 (Auslig 1990).  This is because the area of open 
and low open woodland (tree cover < 10 %) has increased by about 20 % from 1650 
000 km2 to 1985 000 km2 (Auslig 1990).  This increase in area is primarily the result 
of the creation of artificial parklands with widely spaced trees following the partial 
clearing of forest and woodland for grazing activity.  However, the estimates of 
changes in vegetation cover made by Auslig (1990) must be used with caution 
because they are based on satellite imagery where the smallest areas that can be 
readily distinguished are about 300 km2.  Also included in the estimate of woodland 
are remnant fragments of denser intact forest, surrounded by areas that have been 
largely cleared. 
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Although Auslig (1990) shows little change in the total area of treed vegetation in 
Australia (3739 000 km2 - pre-European, and 3653 000 km2 - present), the most 
striking feature is the extent of modification of the cover that has occurred in the past 
200 years. The extensive regional loss of intact remnant forest (Fensham and 
Kirkpatrick 1989, Hobbs et al. 1993, Prober and Thiele 1993, Sivertsen 1993, 1994, 
Prober 1996) is not shown using Auslig’s estimation methods.  Nor is the decline and 
death of rural vegetation through saline and insect-induced dieback (Kile 1981), or 
the overwhelming loss of the understory component (Landsberg et al. 1990, Prober 
and Thiele 1993, 1995), or the invasion of exotic weeds (Hobbs and Atkins 1988, 
Prober and Thiele 1993, 1995, McIntyre and Lavorel, 1994a, 1994b) or the 
widespread changes caused by livestock grazing (Moore 1970, McIntyre and 
Lavorel, 1994a, Prober and Thiele 95). 
 
Not only have there been major modifications to remnant forests in Australia, the 
areas that remain are often extremely fragmented and variegated (Yates and Hobbs 
1997).  As forest patches decline in size their edge-to-area ratios increase so that the 
microclimate inside a small patch will be more strongly influenced by the 
surrounding external environment than inside a large patch.  Internationally there has 
been a range of recent studies which have investigated the nature and extent of the 
differences in physical environment between intact forest, edges and cleared land 
(Childs and Flint 1987, Liechty et al. 1992, Chen et al. 1993, Young and Mitchell 
1994, Carmargo and Kapos 1995, Jordan and Smith 1995, Carlson and Groot 1997, 
Blennow 1998).  In Australia on the other hand, there have been relatively few 
studies detailing the microclimatic differences between forest and adjoined modified 
land (Nunez and Sander 1982, Nunez and Bowman 1986, Blennow et al. 1998).  The 
lack of work in this area in Australia has led to the following statement in a recent 
review article (Yates and Hobbs 1997): 
“There is scant evidence to suggest that changes in radiation and 
wind are having a significant impact in fragmented woodlands, as 
light is rarely a limiting resource and severe winds are a common 
feature of unfragmented woodlands.” 
which in many ways is a reflection of the amount of work that has been undertaken 
in this area, rather than the importance of microclimate in an Australian context. 
 xvi 
  1.13 Plant response to temperature extremes 
As temperature is one ecological variable that is likely to be significantly influenced 
by the loss of remnant forest, the response of plants to extremes of heat and cold are 
reviewed below.  Particular attention is given to cold stress and to eucalypts, as this 
genus is the dominant tree species over much of Australia. 
  1.131 Heat stress 
At a cellular level, high temperature damage normally involves loss of membrane 
integrity resulting in ion leakage (Burke and Orzech 1988) while the photosystem II 
complexes located on the thylakoid membranes, are the most sensitive part of the 
photosynthetic apparatus (Santarious and Weis 1988).  A common response of plants 
to heat stress is the production of heat-shock proteins (HSPs).  Although the exact 
function of HSPs is unclear, their main function seems to be involved with 
maintaining cellular structure and function at high temperature (Burke and Orzech 
1988).  HSPs have also been associated with other stresses such as heavy metals 
(Sachs and Ho 1986), ultraviolet light (Sachs and Ho 1986) and osmotic stress 
(Bhagwat and Apte 1989). 
 
The response of eucalypts to high temperature stress depends on their geographical 
origin (Paton 1980), so that species from low latitudes have greater tolerance of high 
temperature than species from high latitudes.  Paton (1980) noted that snow gum 
growth was adversely affected when daytime temperatures were more than 30 oC.  
He also commented that temperate eucalypts grown at greater than 33 oC often 
showed severe growth abnormalities.  Blake (1976) presented complementary results 
which showed that E. obliqua seedlings exposed to 30 oC day and night temperatures 
had reduced stem elongation rates which did not recover for several weeks after 
being returned to 24 oC day and night temperatures. 
  1.132 Cold stress 
One of the major physical factors determining the growth and distribution of plants is 
minimum temperature.  Frost occurs when plant or ground surface temperature falls 
below 0 oC.  Frosts can be due to in situ radiation cooling with clear skys and light 
winds; these events are known as radiation frosts.  Frosts can also be caused by 
advective introduction of cold air accompanied by strong winds; these frosts are 
called advective frosts (Oke 1987).  In practical terms, frost is defined by the Bureau 
of Meteorology (1988) as any temperature event below 2 oC.  Two degrees is used 
 xvii 
instead of 0 oC because the standard height at which temperature is measured is 1.2 
m above ground (Bureau of Meteorology 1984), and at this height minimum 
temperatures are generally warmer than near the ground.  Although Australia is 
generally regarded as dry and hot, frost in Australia is widespread (Fig. 1.1), as long 
term records show that a considerable proportion of Australia is frost prone (Bureau 
of Meteorology 1973). 
 
Figure 1.1.  Frost prone areas in Australia. 
There are two main forms of low temperature injury to plants.  The first is called 
chilling injury, which occurs at low temperatures above 0 oC.  The second major type 
of low temperature injury is known as freezing injury which occurs when 
temperatures are below 0 oC and may lead to extra-cellular ice formation, closely 
followed by cell dehydration (Sakai and Larcher 1987).  There are a range of 
mechanisms associated with freezing tolerance which include lower osmotic 
potentials, increased levels of soluble carbohydrates, increase in the plant growth 
regulator abscisic acid (ABA) and supercooling (Jones 1992). 
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Sensitivity to freezing injury in eucalypts varies seasonally depending on the level of 
cold hardening.  Generally eucalypts are most cold tolerant in winter, least cold 
tolerant in summer and have intermediate levels of cold acclimation in autumn and 
spring (Hallam and Reid 1989, Menzies et al. 1981, Tibbits and Reid 1987a).  Frost 
hardiness in eucalypts seems to be primarily determined by the severity and duration 
of earlier minimum evening temperatures (Harwood 1980, 1981, Paton 1980, 1981, 
Hallam and Reid 1989, Tibbits and Reid 1987b).  Daylength, on the other hand, has 
been shown to be relatively unimportant in controlling eucalypt frost resistance 
(Paton 1981, Tibbits and Reid 1987b). 
 
The effect of frost on eucalypt survival and pattern is extremely important.  Although 
eucalypts are most vulnerable to frost damage at the seedling stage (Battaglia and 
Reid 1993) mature eucalypt forests can also suffer catastrophic frost damage.  
Freezing temperatures have been shown to influence both the species composition of 
eucalypt forest (Davidson and Reid 1985, Paton 1988) and the location of valley 
treelines (Paton 1988).  More dramatically, heavy frosts associated with El Niño in 
1982, were responsible for the death of large tracts of intact mature eucalypt forest 
(Paton 1988, O’Brien et al. 1986, O’Brien 1989) in southeastern Australia. 
  1.14 Environmental stress in combination with other factors 
Single environmental stresses rarely influence plants in isolation.  Accordingly in the 
following section, the combined effect of freezing stress and bright sunlight are 
reviewed, along with the interacting effects of other environmental stresses in 
combination with high irradiance.  Also presented is a review of the influence of 
nutrients on frost damage. 
  1.141 Low temperature stress and bright sunlight 
Interactions between freezing temperatures and high irradiance can produce both 
visible and invisible effects on plants.  Exposure of seedlings to temperature minima 
causing cellular damage can predispose leaves to photo-oxidative damage in the 
following photoperiod (Öquist 1987).  Once leaves become photodamaged, 
prolonged exposure to high irradiances could have devastating consequences for 
chloroplast function, resulting in irreversible damage and cell death (Öquist 1987).  
Indeed, studies in Swedish forests have shown that reduction of frost injuries in 
 xix 
shelterwoods depends on both higher minimum temperature and lower incident 
irradiance (Lundmark and Hällgren 1987, Örlander 1993). 
 
Low temperatures can also induce photoinhibition, a light-dependent loss in 
photochemical efficiency of photosystem II which is not obvious to the naked eye 
(Krause 1994).  Equipment is now available which measures chlorophyll 
fluorescence rapidly and non-destructively in the field, which has been shown to be 
correlated strongly with photoinhibition (Demmig and Björkman 1987). 
 
Photoinhibition is evident in intact leaves when there is a decrease in the chlorophyll 
fluorescence ratio Fv/Fm to values below 0.8 (Demmig and Björkman 1987) and by 
decrease in the quantum yield of CO2 fixation as shown by loss in photosynthetic 
capacity under limiting photon flux densities (Osmond 1994).  Such photoinhibition 
can result from direct damage to photosystem II, which is known as photodamage, or 
from increase in non-radiative dissipation of absorbed light by protective 
mechanisms, which is termed photoprotection (Osmond 1994).  A decline in 
quantum yield does not necessarily affect light saturated rates of photosynthesis 
(Pmax), particularly when photoinhibition is due to protective dissipation of excess 
radiant energy; however, both quantum yield and Pmax typically decline with chronic 
down-regulation or photodamage (Osmond 1994). 
 
Chronic or sustained depression in quantum yield can have far reaching impact on 
plant function because most photosynthesis in plant canopies occurs under light 
levels which are limiting for photosynthesis (Ort and Baker 1988).  Under these 
conditions, rates of photosynthetic carbon assimilation are strongly influenced by 
changes in quantum yield.  Hence, chronic photoinhibition induced by environmental 
stresses, such as low temperatures, can reduce growth even in the absence of changes 
in light saturated photosynthetic capacity (Ort and Baker 1988, Long et al. 1994, 
King and Ball 1998).  Indeed, Farage and Long (1991) elegantly showed that cold-
induced changes in PSII efficiency, measured as Fv/Fm, were quantitatively expressed 
in growth of canola under field conditions.  Their results are consistent with other 
reports of  strong  correlations  between  plant  growth and cold-induced  reduction in  
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Fv/Fm in plants intercepting the same amount of light under field (Ball et al. 1997) 
and laboratory (Königer and Winter 1991, Laing et al. 1995) conditions. 
  1.142 Other environmental stresses and bright sunlight 
Photoinhibition is not only restricted to cold environments, but can occur whenever 
an environmental stress combines with high irradiance.  Photoinhibition has been 
demonstrated in an array of different species from a diverse range of ecosystems.  
Photoinhibition has been shown to occur in response to the following environmental 
stresses; salinity (Björkman et al. 1988), water stress (Castillo 1996, Valladares and 
Pearcy 1997), high temperature, (Roden and Ball 1996a, Roden and Ball 1996b), 
ozone (Farage 1996), and elevated [CO2] (Roden and Ball 1996a, Roden and Ball 
1996b).  Photoinhibition can occur in tropical rainforests (Mulkey and Pearcy 1992, 
Watling et al. 1997), mosses (Lovelock et al. 1996, Murray et al. 1993), lichens 
(Gauslaa and Solhaug 1996), terrestrial algae (Davey 1991), tussock grass (Pugnaire 
et al. 1996, Ryel et al. 1993), desert cactus (Barker and Adams, 1997), mangroves 
(Björkman et al. 1988), sea grasses (Masini et al. 1995, Ralph and Burchett 1995) 
and coral reefs (Franklin et al. 1996). 
  1.143 Low temperature stress and nutrients 
Although environmental stress, alone and in combination with bright light, can have 
negative and even catastrophic effects on plant growth and survival, temperature can 
also interact with other factors and reduce the growth and survival of plants.  It has 
been suggested that nutrients influence cold hardiness and frost susceptibility.  What 
is most intriguing about the effect of nutrients is that there is no clear answer as to 
whether nutrients either increase (Hellergren 1981, Friedland et al. 1984, Sarjala et 
al. 1997) or decrease (DeHayes et al. 1989, Klein et al. 1989, L’Hirondelle 1992, 
Sheppard 1994, Jalkanen et al. 1998) the damaging effects of low temperature.  The 
primary reason for the relatively large amount of research into the effect of nutrients 
on frost damage relates to concern that industrial pollution in the northern 
hemisphere may be responsible for the accumulation of nutrients, particularly 
nitrogen, in soils and plants.  It has been suggested that the increase in nitrogen 
(Nihlgård 1985) in combination with low temperature may be one of the causes of 
forest dieback in Europe and North America (Friedland et al. 1984). 
 
There are many possible reasons for the conflicting results concerning how nutrients 
influence plant response to freezing temperatures.  Firstly, there are no published 
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studies, to my knowledge, which conclusively show the effect of a range of nutrient 
treatments from deficient through to super-saturating concentrations.  In an 
unpublished study undertaken by Jason Lutze and Marilyn Ball from the Research 
School of Biological Sciences at the ANU, snow gum seedlings planted in the field 
showed a striking response to frost, where seedlings planted in soil that contained 
either too little or too much nitrogen suffered more visible damage than seedlings 
planted in soil containing favourable amounts. 
 
A second plausible reason why there is little agreement about the role of nutrients is 
that it is conceivable that different nutrient mixes have different effects.  For example 
nitrogen, phosphorus and potassium individually and in various combinations are 
likely to cause very different responses.  Overlaid on this is the influence of the 
background soil fertility in which experimental plants may be growing.  Thirdly, it 
has been put forward that one of the negative factors associated with susceptibility to 
damage after application of fertiliser, is that plants may continue to grow actively 
further into parts of the year when normally growth would slow and cold hardening 
would begin or be maintained (Hellergren 1981, Friedland et al. 1984). 
  1.15 Role of shelterwoods in ameliorating temperature 
As outlined above, extremes of temperature can have an enormous negative impact 
on plant growth and survival.  In response, techniques have been developed to 
ameliorate the adverse effect of freezing and high temperature stress.  The use of 
shelterwoods is one such technique.  These have long been known to facilitate 
seedling establishment and growth following clearing in temperate evergreen forests 
(Geiger 1965).  A shelterwood is in place when overstorey trees are utilised to 
protect regenerating seedlings from climatic extremes such as high winds, very low 
temperatures or high irradiance (Florence 1996).  This effect in eucalypt forests has 
been attributed mainly to increase in temperature minima, as a canopy of shelter trees 
reduces the loss of thermal radiation to a clear night sky (Nunez and Bowman 1986). 
 
The high altitude E. delegatensis forests of northern and central Tasmania provide a 
good example of where a shelterwood system has been established to reduce the 
negative impact of low temperature, known as “growth check”.  Prior to the use of 
shelterwoods in these forests, regeneration after clearfelling was inadequate, and 
seedlings which did establish often had extremely low growth rates and poor form 
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(Keenan and Candy 1983).  Studies of the microclimatic benefit of the retention of an 
overstorey component in these forests have shown minimum temperature near the 
ground under shelterwood and unlogged stands were between 3 and 4 oC higher than 
adjoining clearfelled areas (Nunez and Bowman 1986).  Even where 75 % of the 
original basal area was removed, minimum temperature was enhanced by 2 oC 
compared to adjacent areas with no overstorey (Nunez and Sander 1982).  It must be 
noted that the benefit of a shelterwood in these forests is relatively short lived, 
because the presence of an overstorey can reduce the growth of regeneration once it 
has become established.  Because there is a compromise between ameliorating 
minimum temperatures, and the need to reduce the negative effect of remaining 
overstorey trees, shelterwoods are relatively open and harvested once regrowth is 
over 1.5 m in height (Battaglia and Wilson 1990). 
  1.16 Asymmetric patterns of regeneration are not fully 
    explained by temperature alone 
Amelioration of the temperature environment by remnant trees and forest edges 
(Chen et al. 1993, Jordan and Smith 1995) does not fully explain asymmetric 
patterns of seedling regeneration.  An intriguing pattern of regeneration has been 
shown for both mountain beech (Nothofagus solandri), which occurs up to the alpine 
tree line in New Zealand, and snow gum, which dominates similar habitats on 
mainland Australia (Ball 1994).  The enhanced survival of snow gum seedlings 
beneath the canopy and on the southern side of single adult trees, is associated with 
avoidance of both extreme temperature minima and prolonged exposure to direct 
sunlight (Ball et al. 1991).  This pattern is especially intriguing considering that 
eucalypts are considered to be light demanding or shade intolerant (Florence 1996).  
While photoinhibition was not directly measured, a study undertaken by Noble and 
Alexander (1977) found that successful regeneration of Engelmann spruce (Picea 
engelmannii) following clearfelling at an elevation of 3230 m only occurred when 
shade was provided. 
 1.2 Overall study objectives 
1.  As minimum temperature and light apparently act together in determining the 
regeneration of snow gum near remnant adult trees, a primary aim of this project 
was to resolve the influence of autumn and winter shade on the subsequent growth 
of snow gum in spring, summer and autumn. 
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2.  To determine how snow gum growth varies seasonally, and whether growth 
correlates with microclimate and chlorophyll fluorescence. 
 
3.  To resolve whether chlorophyll fluorescence techniques can be used in the field to 
rapidly screen tree seedling stress. 
 
4.  To develop practical guidelines which could assist tree establishment in cold 
regions of Australia. 
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Chapter 2 
Methods and materials 
 2.1 Description of the study site 
The experiment was conducted in an undulating, treeless pasture (elevation 1000 m) 
near Gudgenby homestead in Namadgi National Park, ACT, Australia (latitude 35o 
45’S, longitude 148o 59’E).  The site was fenced to exclude mammalian herbivores, 
and seedlings were sprayed regularly with insecticide.  Pasture grass was mown and 
killed with Glyphosate 360 (Nufarm, Victoria), a systemic non-residual herbicide 
spray, but left intact to minimise effects of differences in irradiance on soil 
temperatures and moisture contents.  At regular intervals throughout the experiment 
it was necessary to respray the ground to kill grass that had re-emerged. 
 2.2 Choice of site 
Factors that make the site favourable include the local dominance of snow gum.  
Secondly, the site is treeless, so the establishment of a reduced light treatment was 
relatively straightforward.  Thirdly, due to the elevation of the site, frosts are 
common in winter and occur throughout spring and autumn as well.  Fourthly, 
rainfall in the area is spread evenly throughout the year and averages 769 mm per 
annum, so that in most years soil moisture was unlikely to be limiting. 
 
Fifthly, the site was used by J Butterworth, a PhD student in the Ecosystem 
Dynamics Group at RSBS, and her experiment at Gudgenby is complementary to the 
project that I have undertaken.  J Butterworth investigated the effect of winter shade 
on spring growth.  Her treatments were three different densities of vertical shade 
cloth which completely surrounded planted snow gum seedlings.  Within the same 
region complementary studies have been, or are currently being undertaken by other 
members of the Ecosystem Dynamics Group, RSBS, which means that vehicles to 
gain access to the site and weather station data could be shared. 
 
Finally, the study site was favoured because it is not near popular walking tracks and 
is several km beyond a locked gate.  It is also located near a former homestead which 
is presently occupied by a caretaker.  For these reasons this site is relatively secure 
from vandals. 
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 2.3 Use of vertical 50 % shadecloth panels 
Reducing light with horizontal shade cloth shelters (Aoki 1986, Teitel et al. 1996) or 
planting seedlings beneath and away from tree canopies (Bowman and Kirkpatrick, 
1986, Caramori et al. 1996, Man and Lieffers 1997) provides important insights into 
conditions promoting or inhibiting regeneration.  However, plant responses to such 
reductions in irradiance are confounded by differences in microclimate during both 
day and night periods, and by effects of different irradiance regimes on other 
environmental factors which also influence plant growth, such as soil moisture.  In 
addition, differences in light quality and quantity between exposed and canopy-
shaded environments are also well known to have effects on plant growth 
independent of the rates of photosynthesis.  These include, for example, 
morphological responses to the ratio of red to far-red light (Schmitt and Wulff 1993), 
and changes in carbon allocation between roots and shoots in response to lower light 
levels (Givnish 1988).  Thus, variation in irradiance under natural field conditions 
influences many factors which complicate analyses of effects of photoinhibition on 
growth.  Some factors may compensate whereas others may enhance effects of 
reductions in carbon gain due to cold-induced photoinhibition. 
 
Vertical screens were used to provide a treatment that reduced excess light while not 
affecting minimum air temperatures at night (Lundmark and Hällgren 1987, Örlander 
1993).  Seedlings planted on the exposed side of the screen received direct sunlight 
throughout the day whereas those on the sheltered side were subject to 50% incident 
sunlight to reduce light stress without inhibiting growth (Ball et al. 1991, Holly et al. 
1994).  Note that a screen made from shade cloth reduces light quantity without 
substantially affecting light quality.  Thus, while recognising that many parameters 
covary with irradiance, the study used a simplified system to test for effects of excess 
irradiance on growth of overwintering snow gum seedlings under field conditions. 
 2.4 Plant material 
Seeds of E. pauciflora were collected from three trees in the Orroral Valley, 
Australian Capital Territory (ACT), at an elevation of 850 m.  Seeds were cold-
stratified under moist conditions at 3 oC for four weeks, before germinating in a 
glasshouse.  Seedlings were transferred to individual containers (5 cm diameter by 25 
cm long) and grown out of doors in Canberra for three months before the start of the 
experiment.  Two weeks prior to planting, the seedlings were moved to the study site 
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to promote field hardiness.  Three times more seedlings were grown than needed so 
that a relatively uniform subset could be chosen for transplanting. 
 2.5 Experimental design 
The site (Plate 2.1) was divided into six blocks each containing a 1 m high vertical, 
east west aligned 50 % shadecloth panel raised 5 cm above ground to allow free 
movement of air near the ground.  Seedlings were planted in a row 50 cm apart and 
25 cm from either side of each vertical screen at the beginning of autumn (8 March 
1996).  At planting, seedlings were watered and slow release fertiliser (Osmocote ) 
was applied (15 g plant-1).  The shadecloth panels were removed at the end of winter 
(30 August) to assess whether there was a benefit of reduction in irradiance at 
planting and during the coldest time of the year.  The panels were removed at the 
start of spring because as conditions became warmer, the seedlings which received 
reduced irradiance while the panels were in place were predicted to then benefit from 
an increase in irradiance. 
 
 
 
Plate 2.1.  Experimental layout showing the vertical 50 % shade-cloth panels aligned 
east-west. 
 
Seventy seven seedlings of similar height and leaf area were selected for the 
experiment and ranked in size according to total stem length and stratified on that 
basis into blocks.  Within blocks, pairs of seedlings were matched in size and 
randomly allocated to treatments (exposed and sheltered) and harvests (end of 
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autumn 1996, 5 June, end of winter, 30 August, end of spring, 5 December, end of 
summer, 7 March and end of autumn 1997, 30 May).  The length and width of all 
leaves was also measured prior to planting.  Five seedlings were harvested at the start 
of the experiment so that the initial size of all seedlings could be determined 
allometrically.  The remaining 72 seedlings were planted into the treatments.  There 
were six replicates of each treatment x harvest combination.  Included in the design 
was a full set of 12 spare plants.  During transplanting from the nursery to the 
experiment it was ensured that each individual seedling maintained its original 
orientation. 
 2.6 Statistical analyses 
The experiment was organised in a fully blocked split-plot design with paired 
sheltered and exposed seedlings.  There were six blocks for each harvest x treatment 
combination.  Data were evaluated by analysis of variance.  This approach assumes 
random assignment of exposed and sheltered treatments to each block.  Clearly this 
was not possible given the nature of the treatments.  For this reason I analysed the 
experiment as if the placement of treatments within blocks was random.  Values 
stated in the text are mean ± standard error and are not statistically significant unless 
otherwise stated. 
 2.7 Measurement of microclimate 
Adjacent to the experimental plots a Stevenson weather screen was established and a 
fence was erected to exclude mammalian herbivores.  To create a surface similar to 
what was prepared for the planted seedlings, the grass was mown and then killed 
with Glyphosate 360 (Nufarm, Victoria), a systemic non-residual herbicide spray.  At 
regular intervals throughout the experiment it was necessary to respray the ground to 
kill grass that had re-emerged. 
 
Temperature was monitored in positions similar to those occupied by young 
seedlings.  Air temperature was measured at 50 and 20 cm above ground, while soil 
temperature was measured at 20 and 0.5 cm below ground.  Air temperature at 20 
and 50 cm above ground was measured with copper-constantan thermocouples (64 
µm diameter) referenced against a PT-100 platinum resistance thermometer.  Below 
ground temperature was measured in the same way but with 0.5 mm diameter 
thermocouple wire.  Air temperature was also measured in a Stevenson screen (1.2 m 
above ground) using the PT-100 platinum resistance thermometer.  Prior to the 
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experiment all thermocouples and the PT-100 platinum resistance thermometer were 
calibrated using a water bath at a range of known temperatures.  Each of these 
environmental variables was measured every 10 seconds and a 30 minute average 
was recorded on a DT100F data logger (Data Electronics, Victoria Australia). 
 
A rain gauge was established close to the Stevenson screen and rainfall was recorded 
manually at weekly intervals. 
 2.8 Measurement of soil moisture 
At each harvest, soil moisture was determined gravimetrically from samples 
collected at 5 and 20 cm depths on both the sheltered and the exposed sides of the 
vertical screens.  Samples were taken from soil surrounding the hole from which the 
seedling was removed.  Samples were weighed before and after drying at 80 oC. 
 2.9 Measurement of chlorophyll fluorescence 
Chlorophyll fluorescence techniques are an excellent method of rapidly and non-
destructively assaying photosynthetic activity in the field.  These techniques are an 
excellent way of measuring photoinhibition and have enormous potential in 
determining plant stress before visual symptoms appear.  These methods have also 
been responsible for furthering the understanding of photosynthesis, showing that 
plant responses to light are often complex and dynamic (Schreiber and Bilger 1993). 
 
When a plant receives light there are three main ways in which this energy is either 
utilised or dissipated.  Firstly, a proportion of the energy is used to drive the chemical 
reactions of photosynthesis.  Secondly, a proportion can be dissipated as heat and 
thirdly a proportion can be re-emitted as fluorescence.  The emitted fluorescence 
signal has a lower energy content and a longer wavelength than the absorbed light. 
 
If a leaf is placed in darkness for several minutes and then exposed to a saturating 
light source, fluorescence rapidly rises to an initial peak known as Fo within around 
40 µs which corresponds to fluorescence of open reaction centres (Fig. 2.1).  Within 
around 0.5 s maximum fluorescence is reached and this peak is known as Fm which is 
the peak fluorescence of closed reaction centres (Fig. 2.1).  Thereafter fluorescence 
slowly declines over a period of minutes to a steady state level of fluorescence 
known as Ft which is close to the level of Fo (Fig. 2.1).  The difference between Fm 
and Fo is referred to as the variable component of fluorescence (Fv).  From these 
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values the ratio Fv/Fm can be calculated and this ratio is closely correlated with the 
quantum yield of photosynthesis (Björkman and Demmig 1987).  In general terms 
Fv/Fm represents the potential efficiency of photosystem II. 
 
Figure 2.1.  Characteristic fluorescence induction kinetics on illuminating a dark-
adapted leaf, showing the rapid rise to Fo, followed by a peak at Fm, and the slow 
decay to a steady state Ft. 
 
The efficiency of photosystem II can also be measured non-destructively in the field 
on leaves that are not dark adapted.  If a leaf is illuminated at a constant intensity it 
will fluoresce at a steady level which, as mentioned earlier, is referred to as Ft.  
However after receiving a strong pulse of light, fluorescence will increase quickly to 
a peak known as Fm’ (Fig 2.2).  Using Ft and Fm’, (Fm’-Ft)/Fm’ can be determined 
which is closely related to the overall yield (ΦPSII) of photochemical energy 
conversion of open reaction centres (Genty et al. 1989).  ΦPSII is analogous to Fv/Fm 
although it reflects the efficiency of photosystem II in the light. 
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Figure 2.2. Characteristic fluorescence induction kinetics on illuminating a light-
adapted leaf, showing steady state Ft after exposure to constant light and Fm’ 
which is reached after exposure to a saturating pulse of light. 
 
Leaf temperature and incident irradiance can be determined concurrently with 
chlorophyll fluorescence measurements.  It is prudent to measure temperature and 
irradiance concurrently with chlorophyll fluorescence as chlorophyll fluorescence is 
both temperature and irradiance dependent, and with a measurement of irradiance it 
is possible to estimate the apparent electron transport rate (ETR = ΦPSII x PAR x 0.5 
x 0.84).  For the calculation of ETR there are three major assumptions; firstly PAR 
corresponds to the incident photosynthetically active radiation measured in µmol 
quanta m-2 s-1; secondly as two photosystems are involved, the transport of one 
electron requires the absorption of two quanta (factor 0.5); and thirdly 84 % of the 
incident quanta are absorbed by the leaf (factor 0.84).  The ETR can be compared to 
the rate of CO2 assimilation, as 4 electrons must be transported for every CO2 
assimilated.  However ETR / 4 does not exactly correspond with the CO2 
assimilation rate, as photorespiration is not taken into account and the majority of 
fluorescence stems from the topmost chloroplast layers while gas exchange includes 
all layers. 
 
Chlorophyll fluorescence was determined weekly on the upper side of one tagged 
leaf from six replicate plants for both treatments.  Tagged leaves which had died 
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were replaced with a nearby leaf of similar age, size and orientation.  From the 10th 
of January, through to the 28th of February 1997, more than one leaf per plant was 
surveyed because some plants had new and old leaves, others only had leaves which 
had overwintered, and others only had newly established leaves.  Therefore, where 
possible, during this period a new and an old leaf were measured on each plant.  
After the 28th of February 1997, sampling was changed to one newly established leaf 
per plant since all the leaves which had overwintered had senesced.  Measurements 
were made between 11:30 and 13:00 with a portable plant efficiency analyser (PEA; 
Hansatech, UK) following 30 minutes dark adaptation.  The parameters Fo, Fm and 
Fv/Fm were taken directly from the output of the PEA.  On the same leaves, leaf 
temperature, leaf irradiance, ΦPSII ((Fm'-Ft)/Fm'), and ETR, were estimated with a 
portable pulse-modulated fluorometer (PAM-2000; Walz, Germany).  The PAM-
2000 measurements commenced immediately after completion of all of the PEA 
measurements.  Generally there was a gap of around 30 minutes between the 
completion of the PEA measurements and the commencement of the PAM-2000 
measurements.  Chlorophyll fluorescence was measured on those seedlings assigned 
for destructive harvest at the end of the experiment (30 May 1997). 
 2.10 Measurement of gas exchange 
Photosynthetic CO2 assimilation rates were measured in response to variation in 
irradiance in the field with a portable gas exchange system (LI-6400; LI-COR, 
USA).  Measurements were made on three plants in each treatment over a two day 
period at the end of winter (29-30 August 1996), and at the end of spring (22-23 
November 1996).  Leaves selected were the same as those for which chlorophyll 
fluorescence measurements were made.  Plants were covered with a black cloth for 
30 minutes prior to measurement.  A measurement of dark respiration rate was made 
first, followed by measurements of gas exchange characteristics in response to 
sequential increase in quantum flux density in the following order 5, 10, 20, 50, 100, 
200, 500, 1000 and 1500 µmol m-2 s-1, allowing 10 minutes at each irradiance for gas 
exchange parameters to stabilise before measurement.  Variation in irradiance was 
provided by a red LED light source centred at 660-675 nm.  Measurements were 
made in matched pairs of plants in the two treatments in each of three blocks 
between 10:00 and 17:00. Temperature and relative humidity of the cuvette were not 
controlled, however at the end of winter leaf temperature was around 13.5 oC (± 3 
oC) and relative humidity within the cuvette was 50 % (± 5 %).  While at the end of 
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spring leaf temperature was around 16.3 oC (± 4 oC) and relative humidity within the 
cuvette was 55 % (± 5 %). 
 
 2.11 Measurement of growth 
Growth analyses were undertaken to further investigate the relative success of the 
seedlings planted under experimental treatments.  Growth analysis can help to 
determine the way in which seedlings accumulate biomass and is one way to 
determine the relative contribution of different plant parts.  Plant growth analysis 
provides an experimental tool intermediate between those used for gas exchange and 
for net primary production (Beadle 1993). 
 
Six plants from each treatment were harvested at the end of autumn 1996, winter, 
spring, summer and autumn 1997 and divided into roots, stems and leaves.  Leaf area 
was determined with a leaf area meter (LI-3000, LiCOR, USA).  For each harvest a 
standard volume of soil surrounding the seedling was excavated (20 cm by 20 cm by 
25 cm deep) and washed from the roots.  Plant parts were then dried at 80 oC before 
weighing.  Values were log transformed if they exhibited heteroscedasticity. 
 
Standard equations (Beadle 1993) were used to calculate specific leaf area (SLA, m2 
leaf area kg-1 leaf dry weight), leaf area ratio (LAR, m2 leaf area kg-1 total plant dry 
weight), leaf weight ratio (LWR, g leaf dry weight g-1 total plant dry weight) and 
relative growth rate (RGR, (lnW2 - lnW1)/t2 - t1 where W1 and W2 are the dry weights 
at the beginning and end of each harvest period, t2 -t1) with the caveat that biomass 
losses due to shedding of leaves were not included in the analyses.  As RGR is the 
product of LAR and net assimilation rate (NAR, g dry weight m-2 leaf area day-1), 
NAR was determined at each harvest by dividing RGR by LAR.  Since LAR can 
change over the course of a season, an average LAR from the start and end of each 
season was used to calculate NAR. 
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Chapter 3
*
 
Effect of shade on growth in autumn and winter 
 3.1 Introduction 
The objective of the work described in this chapter was to determine whether 
reduction in excess irradiance would enhance growth of snow gum, E. pauciflora, 
when limited by low night temperatures.  Snow gum, one of the most frost hardy of 
eucalypts (Sakai et al. 1981) dominates forest canopies in subalpine areas as well as 
at lower elevations around the floor of valleys receiving cold air drainage (Austin et 
al. 1990).  Like other eucalypt species, snow gum does not possess dormant buds 
(Jacobs 1955) and growth is possible at any time.  In cold regions, growth continues 
slowly during winter (Ball et al. 1997), even when covered by snow (Egerton and 
Wilson 1993).  This makes it possible to determine whether growth benefits from a 
reduction in light at the coldest time of the year, as suggested by spatial patterns in 
regeneration (Ball et al. 1991). 
 3.2 Methods 
Snow gum seedlings “exposed” to full sunlight were planted on the northern side of 
the vertical shade cloth panels, and matching “sheltered” snow gum seedlings were 
planted on the shaded southern side.  In this chapter gravimetric soil moisture 
measured at time of harvest is presented along with midday leaf irradiance and 
temperature measured at weekly intervals for both sheltered and exposed treatments.  
Average weekly and seasonal chlorophyll fluorescence parameters are shown for the 
two treatments along with seasonal growth characteristics.  All of the above were 
measured using techniques outlined in chapter 2 and cover the period from the 
beginning of March 1996 through to the end of August 1996.  Photosynthetic CO2 
assimilation rates were also measured at the end of winter (29-30 August 1996) for 
leaves of both exposed and sheltered seedlings using methods outlined in chapter 2. 
 
A max-min mercury-in-glass thermometer (Zeal Ltd. UK) was positioned in a 
Stevenson screen (1.2 m above ground) adjacent to the experiment.  Maximum and 
minimum temperatures were recorded weekly.  On three consecutive days in mid  
                                                           
*
 Note that this chapter forms the basis of the following publication: Egerton, J. J. G., J. C. G. Banks, 
A. Gibson, R. B. Cunningham and M. C. Ball.  2000.  Facilitation of seedling establishment: 
Reduction in irradiance enhances winter growth of Eucalyptus pauciflora.  Ecology (in press). 
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winter (16-19 July 1996) air temperature 5 cm above the ground was measured with 
copper-constantan thermocouples (42 SWG, 64 µm diameter) referenced against a 
PT-100 platinum resistance thermometer.  Thermocouples were scanned every 10 
seconds and a 15 minute average was recorded on a DT100F data logger (Data 
Electronics, Victoria Australia).  Two locations were monitored at positions 25 cm to 
the north and south of a vertical screen. 
 
The three dimensional arrangement of leaves in each of the 12 seedlings that were 
assigned to the final destructive harvest, were mapped in the field on August 9 1996, 
using a spatial co-ordinate apparatus (Lang 1973, Lang 1990).  For each leaf the co-
ordinates for five points were determined, that is adjacent to the petiole, at the two 
widest points, the tip and finally a second measurement adjacent to the petiole was 
undertaken as a double check.  Each leaf was divided into two triangles along the 
line joining the point adjacent to the petiole and the tip.  The accuracy of each co-
ordinate value is within 3 mm.  The co-ordinates were used to determine the zenith 
and azimuth for each leaf triangle using software developed by A. R. G. Lang.  
Frequency distributions for zenith and azimuth were also determined, again using 
software developed by A. R. G. Lang. 
 3.3 Results 
  3.31 Microclimate 
Weather at the study site (Fig. 3.1a) was typical of that found below snowline in 
subalpine forests of southeastern Australia, where autumn and winter are 
characterised by frosty nights followed by cool to mild sunny days (Bureau of 
Meteorology 1988).  At the study site, weekly minimum temperature progressively 
declined during autumn from 6 oC to -8 oC.  During winter the coldest temperature 
was -9 oC and weekly minimum temperature remained below, or close to -5 oC.  
Weekly average temperature gradually declined from 15.5 oC to 3.8 oC in autumn, 
and remained between 0 oC and 5 oC in winter.  Weekly maximum temperature 
ranged between 14.5 oC and 26 oC in autumn and between 10 oC to 15 oC in winter. 
 
In the present study, vertical shadecloth panels were used to vary irradiance during 
the day without affecting minimum temperature at night (Lundmark and Hällgren 
1987).  This was confirmed on three consecutive nights by monitoring air 
temperature 5 cm above ground at two positions, 25 cm to the north and south of a 
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vertical panel.  As shown in Fig. 3.1b, for one night, there was no difference in 
minimum air temperature between sheltered and exposed sides of a shadecloth panel, 
but day temperatures were slightly higher on the exposed side. 
 
Figure 3.1.  Variation in air temperature at the study site.  (a) Weekly maximum 
(closed triangles), average (open diamonds) and minimum temperature (closed 
squares) in a Stevenson screen 1.2 m above ground.  (b) Diurnal variation in air 
temperature 5 cm above ground in mid-winter.  Two locations were monitored: 25 
cm to the north (open circles) and south (closed circles) of a vertical shadecloth 
screen. 
 
Soil moisture is another factor that may be influenced by differences in irradiance.  
In the present study, soil moisture contents were significantly higher (P < 0.01) in 
autumn (103.3 mg water g-1 soil) than winter (87.8 mg water g-1 soil; Fig 3.2).  
Overall, soil moisture content was (P < 0.01) significantly higher in sheltered (99.5 
mg water g-1 soil) than exposed treatments (91.6 mg water g-1 soil), with this average 
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difference being driven mainly by significantly (P = 0.01) higher soil moisture in 
sheltered treatments (94.9 vs 80.6 mg water g-1 soil) during winter (Fig 3.2). 
 
Figure 3.2.  Average weekly gravimetric soil moisture for autumn and winter 1996 
in sheltered and exposed seedlings.  Results shown are averages for soil moisture 
measured at 5 and 20 cm adjacent to harvested Eucalyptus pauciflora seedling 
roots.  Bar gives least significant difference (LSD) between means with the same 
season. 
  3.32 Canopy architecture 
Figure 3.3a shows how leaf tip direction varied between sheltered and exposed 
seedlings in mid winter.  As the leaf blade is perpendicular to the direction in which 
the tip is pointing, some broad generalisations can be made as to which compass 
direction (azimuth) the leaf surfaces in the two treatments were facing.  The majority  
(58 %) of leaf tips in the sheltered seedlings were pointing between northeast and 
northwest, while in the exposed seedlings 74 % of leaf tips were pointing in an arc 
between southwest and north (Fig. 3.3a).  As shown by the error bars on Figure 3.3a 
there was a considerable amount of variability from one seedling to the next, so the 
average leaf tip directions for both the sheltered and the exposed seedlings should be 
viewed with caution. 
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Figure 3.3. Eucalyptus pauciflora seedling canopy architecture.  (a) Average leaf tip 
azimuth for seedlings grown under sheltered (solid lines) and exposed (dashed 
lines) treatments.  (b) Average leaf angle divided into five leaf angle classes for 
seedlings grown under sheltered (solid bars) and exposed (open bars) treatments. 
Values are mean ± SE, n = 6.  
 
Average leaf angle was similar in the sheltered and exposed treatments and there was 
also close agreement within all leaf angle categories (Fig. 3.3b).  A minority of 
leaves occurred in the most vertical leaf angle class (0o to 18o) for both treatments, 
while most leaves were evenly spread through leaf angle classes ranging from 
intermediate to near horizontal (Fig. 3.3b). 
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  3.33 Chlorophyll fluorescence 
At the first round of measurements Fo was relatively high, with exposed seedlings 
having higher Fo than sheltered seedlings (Fig. 3.4a).  Thereafter, through to the end 
of winter, there was a gradual decrease in Fo for both treatments (Fig. 3.4a).  
Although Fo fluctuated from week to week, it was similar in both treatments during 
autumn 1996, while in winter it was significantly higher (P < 0.05) in sheltered than 
exposed seedlings (Fig. 3.4b). 
 
The fluorescence parameter, Fv/Fm, is a measure of photochemical efficiency of PSII 
(Schreiber et al. 1994).  Fv/Fm averages 0.80 - 0.83 in healthy, dark-adapted leaves of 
C3 plants (Demmig and Björkman 1987) with light-induced reduction in Fv/Fm being 
indicative of photoinhibition (Schreiber et al. 1994).  At planting, midday Fv/Fm was 
slightly depressed and averaged 0.76 ± 0.02.  Minimum air temperatures were above 
freezing for two weeks following planting.  However, in the week prior to the first 
round of Fv/Fm measurements, weekly minimum air temperature fell to -3 
oC.  After 
this first frost, Fv/Fm was markedly depressed with exposed seedlings having lower 
values.  Fv/Fm recovered during the next week with improvement being greater in the 
sheltered seedlings.  Thereafter, Fv/Fm generally declined with time to minimal 
values at the end of winter (Fig. 3.4c).  Thus, Fv/Fm was significantly (P < 0.01) 
higher in autumn than in winter and, when averaged over both seasons, Fv/Fm was 
significantly (P < 0.01) higher in sheltered than in exposed seedlings (Fig. 3.4d). 
 
Figure 3.4e presents the relationship between Fv/Fm and Fo on March 22 1996, 
measured two weeks after the commencement of the experiment.  March 22 1996 is 
marked on Figs. 3.4a and 3.4c as “cold stress” as this measurement coincided with a 
minimum screen air temperature of -3 oC, and on this day there was a strong inverse 
relationship between Fv/Fm and Fo, whereby Fo = -0.000629Fv/Fm + 1.181, P < 0.01, 
R2 = 0.77 (Fig. 3.4e). 
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Figure 3.4.  Seasonal and treatment effects on midday chlorophyll fluorescence in 
leaves of seedling Eucalyptus pauciflora.  Chronological change in average 
weekly Fo (a) and Fv/Fm (c) for sheltered (closed circles) and exposed (open 
circles) seedlings.  Values are means, n = 6. (b) Average weekly Fo for autumn 
and winter 1996 in sheltered (S) and exposed (E) seedlings.  (d) Average weekly 
Fv/Fm for autumn 1996 (A96) and winter 1996 (W96), and for sheltered (S) and 
exposed (E) seedlings.  Bar gives least significant difference (LSD) between 
means. (e) Fv/Fm as a function of Fo for seedlings measured two weeks after the 
commencement of the experiment (22/3/96), indicated as “cold stress” in panels 
(a) and (c). 
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Freezing temperatures are well known to affect Fv/Fm (Krause 1994), but interactive 
effects of freezing temperatures and irradiance are poorly understood.  To test for 
these interactions, weekly values of Fv/Fm were plotted as a function of the 
corresponding weekly minimum air temperatures.  Slopes of this relationship for 
each plant were determined by linear regression for three periods (autumn, winter 
and autumn + winter) and then analysed to test for differences between seasons and 
exposure.  There was a significant (P < 0.01) effect of season on the slope of the 
relationship between Fv/Fm and minimum weekly temperature (Fig. 3.5a); in winter, 
Fv/Fm was more sensitive to change in minimum temperature than in autumn.  
However, the sensitivity of Fv/Fm to minimum temperature was not affected by 
exposure (Fig. 3.5b).  Sheltered seedlings maintained significantly (P < 0.05) higher 
values of Fv/Fm for a given minimum temperature than exposed seedlings, but 
otherwise Fv/Fm declined with decreasing minimum temperature in the same way as 
in exposed seedlings (Fig. 3.5b). 
 
Figure 3.5.  Average relationship between weekly midday Fv/Fm and weekly 
minimum temperature for (a) different seasons and (b) different light treatments.  
Calculations are described in the text.  Slopes are significantly different (P < 
0.001) in (a) but not (b).  However, the y-intercepts are significantly (P < 0.05) 
different in (b) but not (a). 
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During the first two seasons of the study, midday ΦPSII followed a similar pattern to 
Fv/Fm (Fig. 3.6a).  ΦPSII was significantly higher (P < 0.05) in autumn 1996 than 
winter when both treatments were analysed together (Fig. 3.6b).  Sheltered seedlings 
had significantly higher (P < 0.05) ΦPSII than exposed seedlings when both autumn 
1996 and winter were combined (Fig. 3.6b). 
 
Figure 3.6. Seasonal and treatment effects on midday ΦPSII in leaves of seedling 
Eucalyptus pauciflora.  Chronological change in average weekly ΦPSII (a) for 
sheltered (closed circles) and exposed (open circles) seedlings.  Values are means, 
n = 6.  (b) Average weekly ΦPSII for autumn 1996 (A96) and winter 1996 (W96), 
and for sheltered (S) and exposed (E) seedlings.  Bars give least significant 
difference (LSD) between means. 
 
  3.34 Photosynthesis 
At the end of winter, rates of photosynthetic carbon assimilation were measured in 
situ as a function of irradiance in leaves of seedlings growing in the sheltered and 
exposed treatments (Fig. 3.7a).  Average dark respiration rates differed only slightly 
between the sheltered (1.4 ± 0.2 µmol CO2 m
-2 s-1) and the exposed (1.8 ± 0.3 µmol 
CO2 m
-2 s-1) treatments.  Likewise, apparent quantum yield of the sheltered treatment 
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was marginally higher than the exposed treatment, consistent with Fv/Fm 
measurements undertaken one week earlier (Fig. 3.7a).  The combined effect of a 
slightly lower dark respiration rate and a minor difference in apparent quantum yield 
caused the light compensation point to be lower in sheltered than exposed seedlings, 
with values averaging 28.1 ± 0.7 and 36.7 ± 2.9 µmol quanta m-2 s-1, respectively.  
Seedlings on sheltered sides of vertical panels had significantly (P < 0.05) higher 
light-saturated rates of photosynthesis (9.1 ± 0.8 µmol CO2 m
-2 s-1), than exposed 
seedlings (5.8 ± 0.8 µmol CO2 m
-2 s-1; Fig 3.7b). 
 
Figure 3.7.  Assimilation rate of seedling Eucalyptus pauciflora.  (a) Assimilation 
rate as a function of incident quantum flux density in leaves grown under 
sheltered (closed circles) and exposed (open circles) treatments.  Values are mean 
± SE, n = 3.  (b)  Average maximum assimilation rate (Pmax) for sheltered and 
exposed seedlings.  Bar gives least significant difference (LSD) between means. 
 
  3.35 Growth 
Total leaf area averaged 59.1 ± 3.9 cm2 at the start of the study (Fig. 3.8a).  There 
was little change in leaf area by the end of autumn (Fig. 3.8a).  However, sheltered 
seedlings had significantly (P < 0.01) greater leaf area than exposed seedlings by the 
end of winter (Fig. 3.8a).  The leaf area of sheltered seedlings increased from 58.6 ± 
6.0 cm2 at the end of autumn to 75.8 ± 9.4 cm2 at the end of winter.  This 29 % 
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increase in  leaf area occurred  through  continued  expansion  of  leaves  initiated  in  
autumn.  In contrast, exposed seedlings suffered an average loss in leaf area of 24 % 
from 64.3 ± 7.2 cm2 at the end of autumn to 48.7 ± 5.9 cm2 at the end of winter. 
 
Figure 3.8.  Canopy characteristics of Eucalyptus pauciflora seedlings grown under 
different treatments.  (a) Average leaf area for autumn and winter 1996 in 
sheltered (S) and exposed (E) seedlings.  Average Specific Leaf Area (SLA) (b) 
and Leaf Area Ratio (LAR) (c) for autumn 1996 (A96) and winter 1996 (W96), 
and for growth under sheltered (S) and exposed (E) treatments.  Bars indicate least 
significant difference (LSD) between means, except (a) where the LSD bar can 
only be used to compare means with the same season, n = 6.  Initial values (mean 
± SE, n = 5) denote seedlings measured at the start of the experiment. 
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Specific Leaf Area (SLA) averaged 9.3 ± 0.3 cm2 at planting and declined thereafter 
(Fig. 3.8b).  SLA was significantly (P < 0.001) greater in autumn than in winter, 
presumably reflecting thickening of the leaves during winter.  There was also a 
significant effect (P < 0.05) of exposure, with average SLA being 12 % greater in 
sheltered than exposed seedlings.  Changes in Leaf Area Ratio (LAR) mirrored those 
of SLA because of similar changes in leaf weight ratio (i.e. g dry weight leaves g-1 
total plant mass).  There were significant treatment (P < 0.001) and seasonal (P < 
0.01) effects with average LAR being 28 % greater in autumn than winter and 17 % 
greater in sheltered than exposed seedlings (Fig. 3.8c). 
 
Figure 3.9.  Average biomass of (a) whole plants, (b) roots and (c) shoots of seedling 
Eucalyptus pauciflora grown under sheltered (S) and exposed (E) treatments 
during autumn and winter 1996.  Bars indicate least significant difference (LSD) 
between means, n = 6.  Initial values (mean ± SE, n = 5) denote seedlings 
measured at the start of the experiment. 
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At the start of the experiment, seedlings averaged 1.0 ± 0.1 g dry weight with shoots 
comprising 78 % of dry matter (Fig. 3.9a).  Seedling biomass increased significantly 
(P < 0.05) during both autumn and winter.  By the end of autumn, there was a 
tendency for biomass to be greater in exposed seedlings than sheltered seedlings.  
This pattern reversed by the end of winter and seedling growth significantly (P < 
0.05) benefited from a reduction in light (Fig. 3.9a). 
 
Although there was no difference in root biomass between treatments in either 
autumn or winter (Fig. 3.9b), overall below ground biomass was greater (P < 0.01) at 
the end of winter than at the end of autumn, when both treatments were combined.  
In contrast, shoot biomass increased significantly (P < 0.05) over winter in sheltered 
seedlings, but not in exposed seedlings (Fig. 3.9c).  Increase in shoot mass in 
sheltered seedlings was associated with increase in leaf area and decrease in SLA.  
Thus, seedlings in both treatments grew over winter, but enhancement of shoot 
growth led to greater biomass in sheltered seedlings by the end of the study. 
 3.4 Discussion 
The present study shows that reduction in irradiance increases growth of snow gum 
seedlings over winter.  Growth enhancement was correlated with several factors.  
During winter, sheltered seedlings were less photoinhibited (Fig 3.4d), had a higher 
capacity for photosynthetic carbon gain (Fig 3.6b), lost less leaf area (Fig 3.8a), and 
maintained a higher leaf area ratio (Fig 3.8c) than exposed seedlings.  These 
differences would have contributed to greater growth in the sheltered seedlings (Fig 
3.9a).  The causal bases of light-dependent differences in growth are uncertain and 
likely to involve many factors.  While all seedlings experienced similar temperature 
minima, exposed seedlings, for example, may have been subject to greater water and 
heat stress, which, in turn, would increase their sensitivity to high irradiance.  
However differences in soil moisture (Fig. 3.2) were too small to account for 
differences in growth.  Whatever the mechanisms, it is clear that plant growth 
benefits from a reduction in irradiance when environmental factors, such as low 
temperatures, constrain the use of light in growth. 
  3.41 Microclimate 
During the first two seasons of this study (autumn 1996 and winter) minimum 
temperatures were regularly below freezing, especially during winter (Fig. 3.1a).  
Bright sunny days were also common throughout both autumn and winter (Fig. 5.2).  
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Therefore conditions while the shade shelters were erected were clearly suitable for 
cold-induced photoinhibition. 
 
Measurements of air temperature during midwinter at seedling height show that at 
night, temperatures were closely matched on both the exposed and the sheltered sides 
of the vertical panels (Fig. 3.1b).  So, minimum air temperature in the two treatments 
were almost identical.  In contrast, daytime air temperatures differed on both sides of 
the panels because on the exposed side there was higher irradiance than on the 
sheltered side. 
  3.42 Canopy architecture 
The orientation of leaves in the sheltered and exposed seedlings in mid-winter was 
very similar (Fig. 3.2). Although there appeared to be some general trends suggesting 
differences in the azimuth and angle of sheltered and exposed leaves, the amount of 
variability indicated by the standard error bars make it impossible to say with any 
real certainty that there was any difference between the two treatments (Fig. 3.2).  
For this reason it is possible to say with confidence, that reduction in irradiance for 
the sheltered seedlings would have been close to 50 %.  Weekly midday 
measurement of incident leaf irradiance, undertaken while chlorophyll fluorescence 
was measured agrees with this assertion, in that, on average during winter, sheltered 
leaves received 45.4 % less irradiance than exposed leaves. 
  3.43 Cold-induced photoinhibition 
In the present study cold-induced photoinhibition, measured as decrease in Fv/Fm, 
increased with decreasing minimum temperature and was greater in the exposed 
treatment (Figs. 3.4c, d) consistent with previous field studies in eucalypts (Ball et al. 
1991, Holly et al. 1994, Ball et al. 1997, Blennow et al. 1998) and other 
overwintering evergreens (Lundmark and Hällgren 1987, Hällgren et al. 1990, 
Farage and Long 1991, Oberhuber and Bauer 1991, Örlander 1993, Ball 1994).  The 
strong correlation between weekly minimum temperature and Fv/Fm is consistent 
with previous field studies (Ball et al. 1997, Blennow et al. 1998) and especially 
noteworthy considering that measurements of Fv/Fm were made at set intervals and 
did not necessarily coincide with the day of weekly minimum temperature.  The 
greater sensitivity of Fv/Fm to weekly minimum temperature during winter than 
during autumn is also noteworthy (Fig 3.5a).  Blennow et al. (1998) showed that 
similar results could be explained by seasonal increase in light interception as solar 
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elevation declined during winter.  Thus, the vertically inclined leaves of snow gum 
seedlings experienced more prolonged exposure to higher irradiance in winter than 
autumn.  As photoinhibition is dose dependent (Jones and Kok 1966, Ögren and 
Sjöström 1990, Anderson et al. 1997), increasing exposure to higher irradiances 
coupled with lower temperatures would necessitate increasing down-regulation of 
photochemical activity as the seasons change from autumn through winter, with the 
effect being greater in the exposed leaves. 
 
The similarity in slope of the relationship between Fv/Fm and weekly minimum 
temperature revealed no significant difference in sensitivity to minimum temperature 
between sheltered and exposed seedlings (Fig. 3.5b).  This result was unexpected.  
However, there was a significant difference between the elevation of the two slopes 
such that Fv/Fm was consistently higher in the sheltered seedlings.  This difference 
apparently occurred at the start of the study when seedlings were insufficiently 
hardened to resist damage from the first major freezing event.  Eucalypts typically 
harden in response to minimum temperatures (Harwood 1980, 1981, Paton 1981, 
Tibbits and Reid 1987) and cold-hardening reduces the vulnerability of PSII to 
photo-oxidative damage in response to low temperatures and high irradiance (Huner 
et al. 1993, Warren et al. 1998).  Rapid cold-hardening following the initial exposure 
to a deleterious freezing temperature together with acclimation to different irradiance 
regimes may explain the similarity between exposed and sheltered seedlings in 
sensitivity of Fv/Fm to minimum temperatures, with the difference in Fv/Fm being a 
legacy of the first freezing event. 
 
The progressive decline in Fv/Fm from autumn through winter most likely reflects a 
combination of freeze-induced damage to thylakoids and down-regulation of 
photosynthesis consistent with seasonal decline in growth potential as found in other 
studies of overwintering evergreens (Krause 1994).  The best evidence that damage 
may have occurred was seen after the first frost when the seedlings were 
insufficiently hardened.  Following this frost, increase in Fo accounted for much of 
the decline in Fv/Fm (Fig. 3.4).  Such a pattern has been correlated with damage to the 
thylakoids (Franklin et al. 1992) and would be consistent with chilling-induced 
damage to PSI (Terashima et al. 1994).  The leaves recovered, at least partially, from 
the first freezing event and responded differently to subsequent frosts.  Thereafter, 
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Fv/Fm, Fo and Fm declined gradually over the remainder of the study, presumably 
reflecting accumulation of non-functional reaction centres (Ottander et al. 1993, 
Ottander et al. 1995).  Whatever the mechanism, a chronic decrease in PSII 
efficiency would be expected to influence carbon gain (Ort and Baker 1988, Long et 
al. 1994, King and Ball 1998). 
  3.44 Light dependent loss in photosynthetic capacity 
Photosynthetic rates were consistent with previous studies of overwintering E. 
pauciflora (Slatyer and Morrow 1977, Ball et al. 1991).  In the present study, 
sheltered seedlings had higher rates of assimilation at all light levels than exposed 
seedlings at the end of winter (Fig. 3.7a).  Such differences could lead to greater rates 
of carbon gain over a day in the sheltered seedlings despite their interception of 50 % 
less sunlight than exposed seedlings.  For example, the photosynthetic assimilation 
rate in leaves of exposed seedlings receiving a quantum flux density of 1000 µmol  
m-2 s-1 was 5.1 + 0.5 µmol CO2 m
-2 s-1.  In contrast, leaves of sheltered seedlings 
receiving half the amount of light (i.e. 500 µmol m-2 s-1) had a 26 % higher 
assimilation rate of 6.4 + 0.6 µmol CO2 m
-2 s-1.  Such light-dependent losses in 
photosynthetic activity would have contributed to lower rates of growth in the 
exposed seedlings over winter. 
  3.45 Light-dependent loss in leaf area 
During winter, when temperature minima at screen height typically were lower than -
5 °C (Fig. 3.1a), exposed seedlings lost an average of 36 % of their canopy leaf area 
whereas no losses in leaf area were recorded in sheltered seedlings.  Similar results 
have been reported in Swedish studies where vertical screens were also used to 
separate effects of light and temperature on seedlings grown under field conditions.  
Lundmark and Hällgren (1987) planted spruce (Picea abies) and pine (Pinus 
sylvestris) seedlings in the open on north and south sides of vertical paper shields 
oriented east-west.  The seedlings were exposed to similar temperatures at night, but 
experienced different irradiance regimes during the day.  After the first severe 
summer frost in August (-7.9 °C), marked discoloration of needles developed in 
proportion to exposure to direct solar radiation, with spruce seedlings being more 
sensitive than pine to combined effects of freezing night temperatures followed by 
high irradiance.  Chlorosis of the needles was accompanied by decrease in rates of 
photosynthesis (Lundmark and Hällgren, 1987).  In another study, Örlander (1993) 
showed that spruce seedlings on the exposed south side of a vertical shield had lower 
 xlix 
ratios of Fv/Fm and suffered greater death of flushing shoots than seedlings sheltered 
on the north side of the shield following spring frosts (minimum temperature -6 °C).  
Thus freezing damage is accentuated by exposure to high irradiance.  In the present 
study, light-dependent losses in leaf area following severe freezing events would 
have contributed substantially to lower growth rates in the exposed seedlings. 
  3.46 Light-dependent reduction in growth 
Growth depends on both the interception of light and the efficiency with which 
absorbed light is converted to dry matter.  During autumn, when temperatures were 
mild, there was a tendency, albeit not significant, for exposed seedlings to have 
higher growth rates.  However, by the end of winter, growth rates of exposed 
seedlings were much less than sheltered seedlings (Fig. 3.9a), consistent with light-
dependent reductions in both canopy leaf area (Fig. 3.8a) and photosynthetic activity 
(Fig. 3.7).  As seedlings in both treatments were subject to the same temperature 
minima, the differences in growth are clearly due to differences in irradiance.  Thus, 
reduction in excess irradiance is beneficial to growth when it is limited by 
environmental stress. 
 
Other studies have shown strong correlations between cold-induced photoinhibition 
and growth when there were no differences between plants in light interception 
(Farage and Long 1991, Ball et al. 1997). With reduction in incident irradiance, 
growth of Eucalyptus polyanthemos increased with increasing Fv/Fm over winter and 
spring provided that light levels were at least 50% sunlight; lower light levels 
resulted in decreased growth despite maintenance of the highest Fv/Fm values (Holly 
et al. 1994).  Similarly, Blennow et al. (1998) found growth of the most 
photoinhibited snow gum seedlings planted in the open to be greater over winter than 
growth of the least photoinhibited seedlings planted under the dense canopy shade of 
forest fragments.  Clearly, there is a trade-off between interception of sufficient light 
to sustain vigorous growth and avoidance of excessive irradiance which can reduce 
growth. 
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Chapter 4 
Effect of shading over autumn and winter on growth 
under common conditions of full sunlight 
in the subsequent spring, summer and autumn 
 
 4.1 Introduction 
In chapter 3, it was shown that snow gum seedlings benefited from a reduction in 
light at the coldest time of the year, in an environment where frost is both common 
and at times severe.  The aim of this chapter however, was to determine whether 
there was an advantage of reduced irradiance during winter on growth in the 
subsequent spring summer and autumn, under conditions of full sunlight.  The 
seedlings that were sheltered by shade cloth in the first two seasons of the study had 
their treatment converted to full sunlight, because it was considered that this would 
assist seedling growth during the milder conditions following winter. 
 4.2 Methods 
The vertical 50 % shade-cloth panels described in chapter 2 were dismantled at the 
end of August, so that all seedlings were converted to the same light treatment.  Prior 
to the removal of the shade-cloth panels, the two treatments were snow gum 
seedlings “exposed” to full sunlight planted on the northern side of the vertical 
panels, and matching “sheltered” snow gum seedlings planted on the shaded southern 
side.  Following removal of the shade cloth the “sheltered” treatment became the 
“liberated” treatment, and the “exposed” treatment did not change names. 
 
Maximum and minimum daily temperatures at 20 cm above ground were recorded 
along with gravimetric soil moisture measured at time of harvest.  Midday leaf 
irradiance and temperature were also measured at weekly intervals for both liberated 
and exposed treatments.  Average weekly and seasonal chlorophyll fluorescence 
parameters were determined for the two treatments together with seasonal growth 
characteristics.  All of the above were measured using techniques described in 
chapter 2 and cover the period from the beginning of September 1996 through to the 
end of May 1997.  Photosynthetic CO2 assimilation rates were also measured at the 
end of spring (22-23 November 1996) for leaves of seedlings in both treatments 
using methods outlined in chapter 2. 
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At the end of spring there was a considerable amount of necrotic leaf damage.  To 
quantify this damage, leaves still attached to the plant were divided into old leaves 
that had overwintered and new leaves that had developed during spring following the 
removal of the shade cloth panels.  Necrotic tissue was cut out from live leaf tissue.  
This was undertaken to assess the proportion of leaf area that had suffered fatal frost 
damage and to determine whether the proportion differed between newly formed 
leaves and leaves that had overwintered.  Leaf area for both the living and dead 
material was determined using a leaf area meter (LI-3000, LiCOR, USA).  To reduce 
heteroscedasticity % leaf damage values were logit transformed whereby; logit 
damage = ln(((% leaf damage) + 0.5)/(100 - ((% leaf damage) + 0.5))). 
 4.3 Results 
  4.31 Microclimate 
Daily maximum and minimum air temperatures at 20 cm above ground from the 
beginning of September 1996 through to the end of May 1997 are presented in 
Figure 4.1.  This figure shows that even during the most favourable times of the year 
for growth, extremes of both high and low temperature are common.  For example in 
spring 1996 and autumn 1997 absolute minimum air temperatures at 20 cm reached -
8.9 oC and -9.6 oC respectively, and in both these seasons there was more than a 50 
% chance of daily frost.  In summer there were only nine frost events at 20 cm above 
ground, however maximum air temperature peaked at 36.4 oC and approximately one 
third of summer days had air temperatures greater than 30 oC. 
 
Following removal of the shade panels, there was no difference in soil moisture 
between liberated and exposed seedlings, however soil moisture differed with season 
and depth.  Soil moisture varied significantly ( P < 0.01) with season and was lowest 
at the end of spring (46.21 mg water g-1 soil) and highest at the end of autumn 1997 
(72.18 mg water g-1 soil; Fig. 4.2).  Overall the soil was significantly ( P < 0.01) 
wetter at 5 cm (69.18 mg water g-1 soil) compared to 20 cm depth (55.41 mg water g-
1 soil) so that soil was significantly (P < 0.01) wetter at 5 than 20 cm at the end of 
summer and autumn 1997 (Fig. 4.2). 
 
Following   the   removal   of   the   shelters,   average   weekly   irradiance   during  
Chlorophyll   fluorescence   measurements   rose   to   a   plateau   which   continued  
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Figure 4.1.  Temperatures at Gudgenby following the removal of the shade panels.  
Daily maximum (solid line) and minimum (dashed line) air temperatures at 20 cm 
above ground.  Temperatures presented were measured adjacent to the planted 
snow gum seedlings from the beginning of September 1996 to the end of May 
1997. 
 
until the end of summer (Fig. 4.3a).  There was, however, a considerable amount of 
variability from one week to the next (Fig. 4.3a).  Following the completion of 
summer, average weekly irradiance fell gradually to minimum values at the end of 
autumn 1997 (Fig. 4.3a).  When all seasons were pooled, there was no significant 
difference in midday irradiance between liberated and exposed treatments.  On the 
other hand, midday irradiance varied significantly with season (P < 0.01) with 
irradiance being lowest in autumn 1997 and highest in spring, and summer (Fig. 
4.3b). 
 
Midday leaf temperatures remained low until the fourth week of spring when 
temperatures reached a plateau in mid spring and were relatively mild within the 
range  of  21.9 oC  and  28.4 oC  (Fig.  4.3c).  In  summer   leaf   temperature  reached 
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Figure 4.2.  Soil moisture at Gudgenby following the removal of the shade panels.  
Average gravimetric soil moisture at 5 and 20 cm below ground measured at the 
end of spring 1996, summer 1996/97 and autumn 1997.  Bar gives least 
significant difference (LSD) between means with the same season. 
 
extremely high levels and average weekly temperature peaked at 36.8 oC, thereafter 
leaf temperature decreased over the course of autumn 1997 (Fig. 4.3c).  When leaf 
temperature was analysed for the period following the removal of the shelters, there 
was no difference between liberated and exposed treatments while average leaf 
temperature during summer was significantly (P < 0.01) higher than spring and 
autumn 1997 (Fig. 4.3c). 
  4.32 Chlorophyll fluorescence 
After both treatments were converted to the same light environment Fo continued to 
fluctuate (Fig. 4.4a).  In summer there were a series of weeks with extremely high Fo, 
where maximum weekly average values for liberated and exposed seedlings reached 
865 + 123 and 963 + 134 mV respectively (Fig. 4.4a).  During autumn 1997 however, 
Fo gradually declined (Fig. 4.4a).  Following dismantling of the shelters, Fo was 
significantly (P < 0.01) higher in summer (711.3 + 26 mV) than in spring (613.9 + 16 
mV) and autumn 1997 (578.9 + 17 mV; Fig. 4.4b).  When all three post shelter 
seasons were analysed together, there was no effect of treatment on Fo. 
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Figure 4.3.  Midday leaf irradiance and temperature of Eucalyptus pauciflora 
following the removal of the shade panels.  Chronological change in average leaf 
irradiance (a) and temperature (c) for liberated (closed circles) and exposed (open 
circles) seedlings from the beginning of September 1996 to the end of May 1997.  
Values are means, n = 6.  Average weekly leaf irradiance (b) and temperature (d) 
for spring 1996, summer 1996/97 and autumn 1997.  Bars give least significant 
difference (LSD) between means. 
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Figure 4.4.  Midday chlorophyll fluorescence in leaves of Eucalyptus pauciflora 
following the removal of the shade panels.  Chronological change in average Fo (a) 
and Fv/Fm (c) for liberated (closed circles) and exposed (open circles) seedlings from 
the beginning of September 1996 to the end of May 1997.  Values are means, n = 6.  
Average weekly Fo (b) and Fv/Fm (d) for spring 1996, summer 1996/97 and autumn 
1997.  Bars give least significant difference (LSD) between means.  (e) Fv/Fm as a 
function of Fo for seedlings on one day in mid summer (31/1/97) indicated as “heat 
stress” in panels (a) and (c). 
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Figure 4.5. Midday electron transport rate in leaves of Eucalyptus pauciflora 
following the removal of the shade panels.  Chronological change in electron 
transport rate (a) for liberated (closed circles) and exposed (open circles) 
seedlings from the beginning of September 1996 to the end of May 1997.  Values 
are means, n = 6.  (b) Average weekly electron transport rate for spring 1996, 
summer 1996/97 and autumn 1997.  Bar gives least significant difference (LSD) 
between means. 
 
Following the removal of the vertical panels, Fv/Fm remained low until mid spring, 
thereafter values began to rise until the start of summer (Fig. 4.4c).  During summer 
Fv/Fm varied markedly from week to week and in the first half of autumn 1997 there 
was a rise in Fv/Fm and in the second half there was a fall (Fig. 4.4c).  Overall there 
was no difference in Fv/Fm between exposed and liberated seedlings.  Seasonal 
effects were present (P < 0.01), so that spring (0.705 + 0.022) and summer (0.708 + 
0.019) had significantly (P < 0.01) lower Fv/Fm than autumn 1997 (0.762 
+ 0.014; 
Fig. 4.4d).  Figure 4.4e presents the relationship between Fv/Fm and Fo on January 31 
1997 when leaf temperatures averaged 31.3 + 0.6 oC.  January 31 1997 is marked on 
Figs. 4.4a and 4.4c  as  “heat  stress”,  and  on  this  day  there  was  a  strong  inverse  
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relationship between Fv/Fm and Fo, whereby Fo = -0.000467Fv/Fm + 1.047, P < 0.01, 
R2 = 0.97 (Fig. 4.4e). 
 
Figure 4.6.  Assimilation rate of Eucalyptus pauciflora following the removal of the 
shade panels at the end of spring.  (a) Assimilation rate as a function of incident 
quantum flux density in leaves grown under liberated (closed circles) and exposed 
(open circles) treatments.  Values are mean ± SE, n = 3.  (b)  Average maximum 
assimilation rate for liberated and exposed seedlings.  Bar gives least significant 
difference (LSD) between means. 
 
Following the dismantling of the shelters ETR fluctuated extensively from week to 
week (Fig. 4.5a) and when assessed statistically, ETR was significantly (P < 0.01) 
higher   in   spring   (115.9   ±   10.8   µmol  e  m-2  s-1)   and   summer   (118.7  ±  5.5  
µmol e m-2 s-1) compared to (49.2 ± 6.1 µmol e m-2 s-1) autumn 1997 (Fig. 4.5b).  
ETR did not differ significantly between exposed and liberated seedlings. 
  4.33 Gas exchange 
Following the removal of the shelters at the end of spring, exposed seedlings had 
higher carbon assimilation than liberated seedlings at all irradiance levels (Fig. 4.6a).  
At the end of spring there was a trend for dark respiration to be higher in the 
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liberated (3.5 ± 1.2 µmol CO2 m
-2 s-1) compared to the exposed (1.6 ± 0.2 µmol CO2 
m-2 s-1) seedlings.  Light compensation point and apparent quantum yield on the 
other hand were similar in both treatments at the end of spring.  Exposed seedlings 
had significantly (P < 0.05) higher Pmax averaging 7.5 ± 2.5 µmol CO2 m
-2 s-1, than 
liberated seedlings which averaged 5.3 ± 2.9 µmol CO2 m
-2 s-1 (Fig. 4.6b). 
  4.34 Growth 
  4.341 Biomass 
Seedlings continued to grow following the removal of the shelters, and the influence 
of season was significant (P < 0.01) so that total biomass at the end of summer was 
significantly larger than at the end of spring (Fig. 4.7a).  When all seasons were 
combined, exposed seedlings were significantly (P < 0.05) larger than liberated 
seedlings and had accumulated 38.4 % more biomass (Fig. 4.7d). 
 
Shoots increased in biomass during all seasons following the dismantling of the 
shade cloth, resulting in significant (P < 0.01) differences in shoot biomass between 
summer and spring (Fig. 4.7b).  Overall, when both treatments received full sunlight 
the exposed shoots were significantly (P < 0.05) larger than liberated shoots (Fig. 
4.7e).  The pattern of growth below ground differed to the pattern above ground.  
Like shoot growth, root growth continued and the influence of season was significant 
(P < 0.01; Fig. 4.7f).  Root biomass however was significantly (P < 0.01) different in 
every season (Fig. 4.7c).  When all seasons were combined, exposed root biomass 
was significantly larger (P < 0.05) than liberated root biomass (Fig. 4.7f). 
  4.342 Relative Growth Rate 
After the removal of the shelters, RGR varied significantly with season (P < 0.01) 
and summer clearly had the highest rate (27.0 ± 1.9 mg g-1 day-1), which was 
significantly (P < 0.01) different to spring and autumn 1997 (Fig. 4.8a).  When all 
seasons were pooled, there was no significant difference in RGR between liberated 
and exposed seedlings. 
  4.343 Net Assimilation Rate and Leaf Area Ratio 
Following the conversion of both treatments to full sunlight, NAR was (P < 0.01) the 
highest in summer (Fig. 4.8b).  When all seasons were combined, exposed seedlings 
had   significantly   (P  <  0.05)   higher   NAR  than   liberated  seedlings (Fig. 4.8c).   
LAR   also   varied   significantly   (P  <  0.05)   with   season,   where   the   highest  
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Figure 4.7.  Biomass of seedling Eucalyptus pauciflora following the removal of the 
shade panels at the end of spring.  Average biomass of (a) whole plants, (b) shoots 
and (c) roots at the end of spring 1996, summer 1996/97 and autumn 1997.  Average 
biomass of (d) whole plants, (e) shoots and (f) roots grown under liberated and 
exposed treatments.  Bars give least significant difference (LSD) between means. 
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values were in summer (Fig. 4.8d) while LAR did not differ significantly between 
treatments. 
 
Figure 4.8.  Growth characteristics of seedling Eucalyptus pauciflora following the 
removal of the shade panels at the end of spring.  (a) Average relative growth rate, 
(b) net assimilation rate and (d) leaf area ratio for spring 1996, summer 1996/97 
and autumn 1997.  (c) Average net assimilation rate for seedling grown under 
liberated and exposed treatments.  Bars give least significant difference (LSD) 
between means. 
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Figure 4.9.  Biomass allocation of seedling Eucalyptus pauciflora following the 
removal of the shade panels at the end of spring.  Average leaf area for spring 
1996, summer 1996/97 and autumn 1997 (a) and for liberated and exposed 
treatments (b).  (c) Average specific leaf area for spring 1996, summer 1996/97 
and autumn 1997 grown under liberated and exposed treatments.  (d) Average leaf 
weight ratio for spring 1996, summer 1996/97 and autumn 1997.  Bars indicate 
least significant difference (LSD) between means, except for (c) where the bar 
indicates LSD between means with the same season. 
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  4.344 Leaf Area 
For the period following the removal of the shade shelters, most leaf area expansion 
occurred in summer, as this season had significantly (P < 0.01) more leaf area than 
spring and similar leaf area to autumn 1997 (Fig. 4.9a).  Overall the exposed 
seedlings had significantly (P < 0.05) more leaf area than liberated seedlings (Fig. 
4.9b). 
  4.345 Specific Leaf Area and Leaf Weight Ratio 
SLA varied with season so that during the period following the removal of the 
shelters, autumn 1997 had significantly (P < 0.01) lower SLA than spring and 
summer.  When spring, summer and autumn 1997 were examined, liberated 
seedlings had significantly (P < 0.05) higher SLA than exposed seedlings in spring 
only (Fig. 4.9c).  LWR remained similar in exposed and liberated seedlings 
throughout the time in which shade shelters were not present.  LWR, however was 
significantly influenced by season with summer having significantly (P < 0.01) 
higher LWR than spring autumn 1997 (Fig. 4.9d). 
 
Figure 4.10. Necrotic frost damage at the end of spring.  Values shown are average 
percentage leaf area of leaves that had overwintered (Old leaves) and leaves that 
had emerged in spring (New leaves) for both liberated (lib) and exposed (exp) 
treatments.  Values are mean ± SE, n = 6. 
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  4.346 Necrotic frost damage 
Unlike all other seasons during the study, there was a considerable amount of visible 
necrotic frost damage at the end of spring.  Old leaves that had overwintered had 
significantly (P < 0.01) more frost damage at the end of spring (14.9 ± 4.9 %) than 
newly developed leaves (0.6 ± 0.4 %), and within old leaves liberated seedlings had 
significantly (P < 0.01) more frost damage (21.6 ± 8.3 %) than exposed seedlings 
(8.1 ± 4.5 %; Fig. 4.10). 
 4.4 Discussion 
The benefit of reduced irradiance during winter did not translate into continued 
superior growth after the shade shelters were removed.  In fact, during spring, 
liberated seedlings had suffered more frost damage and had reduced photosynthetic 
rates so that overall, seedlings that were shaded over winter accumulated somewhat 
less biomass than seedlings exposed to full sunlight for the entire experiment. 
  4.41 Microclimate 
After the shade shelters were  removed, frosts were less common  and less severe, 
but this period was by no means frost free (Fig. 4.1) and considering that frost 
damage can occur outside of winter at higher temperatures, it is not surprising that 
most frost damage was in spring (Fig. 4.10).  Summer was characterised by extremes 
of high temperature (Fig. 4.1) which can also be damaging to plant growth and 
function. 
 
After the shade cloth panels were removed there was no difference in soil moisture 
between the two treatments.  Soil moisture was influenced by depth so that the soil 
was significantly wetter at the end of each season at 5 cm than at 20 cm (Fig. 4.2).  A 
likely reason is that the organic content of the granite derived soil at Gudgenby is 
likely to be very low except close to the surface.  Soils with low organic contents 
generally have poor water holding capacities.  Therefore at 5 cm it is reasonable to 
expect soil moisture to be considerably higher than at 20 cm. 
  4.42 Chlorophyll fluorescence 
After the shade shelters were removed, photoinhibition was similar in both 
treatments.  There were however a number of interesting trends, including at the end 
of September there was a decline in Fv/Fm for both treatments (Fig. 4.4c) following a 
minimum temperature of -8.9 oC at 20 cm above ground in the preceding week.  The 
minimum of -8.9 oC came at the end of a mild period and was the coldest day for 
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more than five weeks.  Such a fall in Fv/Fm illustrates how dehardened eucalypts can 
be especially susceptible to frost in spring (Hallam and Reid 1989, Menzies et al. 
1981). 
 
Photoinhibition did not recover significantly (P < 0.01) from comparatively low 
values until autumn 1997 (Fig. 4.4c, d), which contrasts with previous studies of field 
grown eucalypts where spring values of Fv/Fm were relatively higher (Holly et al. 94, 
Ball et al. 1997, Roden et al. 1999).  Not only is PSII sensitive to low temperature 
extremes, high leaf temperatures are also responsible for changes in thylakoid 
membranes, by altering physicochemical properties and functional organisation 
(Berry and Bjorkman 1980).  Photoinhibition during high-temperature stress has 
been revealed in laboratory and growth cabinet studies (Bjorkman and Powles 1984, 
Bongi and Long 1987, Roden and Ball 1996).  Field based studies have also shown 
photoinhibition to increase during summer following hot and dry conditions 
(Figueroa et al. 1997, Valladares and Pearcy 1997).  At Gudgenby during summer, 
air temperature reached 36.4 oC (Fig. 4.1) at seedling height (20 cm above ground), 
while average midday leaf temperature climbed to 36.3 oC (Fig. 4.2c) and during 
these periods there was a corresponding decline in Fv/Fm.  Unlike the studies 
undertaken by Figueroa et al. 1997 and Valladares and Pearcy 1997, the seedlings at 
Gudgenby were likely to have had access to the water table, and so were able to 
recover rapidly (within a week) from the negative effect of very high leaf 
temperatures following return to milder temperatures. 
 
After the shelters had been removed at the start of spring, Fo was generally positively 
correlated with Fv/Fm which is indicative of photoprotection (Krause 1988, Franklin 
et al. 1992, Osmond 1994).  On the other hand, during one week in mid-summer, in 
response to high leaf temperature, marked depression of Fv/Fm was accompanied by 
elevated Fo (Fig. 4.4e), which is indicative of photodamage (Krause 1988, Franklin et 
al. 1992, Osmond 1994).  The combination of decline in Fv/Fm and rise in Fo was 
short lived, because two weeks later there was recovery of Fv/Fm associated with a 
sharp decline in Fo, this illustrates the seedling’s dynamic ability to recover from 
extremes of temperature when conditions are favourable.  Like Fo and Fv/Fm, there 
was no significant treatment effect on ETR during spring, summer and autumn 1997.  
 lxv 
ETR however correlated closely with incident irradiance at time of measurement 
(Fig. 4.3c). 
  4.43 Gas exchange 
At the end of spring, photosynthetic rates were both lower (Slatyer and Morrow 
1977) and similar (Küppers et al. 1986) to previous field based studies of E. 
pauciflora undertaken at comparable times of the year.  At Gudgenby, after the two 
treatments had experienced the same light environment, assimilation rates were 
higher at all irradiances for the exposed, compared to the liberated seedlings (Fig. 
4.6a).  Pmax for example was around 41 % higher for the exposed, compared to the 
liberated seedlings (Fig. 4.6b).  This difference in assimilation rate between the two 
treatments at the end of spring reflected a decline in the rate for the liberated 
seedlings from winter to spring rather than an increase in the rate for exposed 
seedlings.  The liberated seedlings showed a 42 % decrease in Pmax in spring 
compared to winter, while exposed seedlings displayed a much smaller 28 % 
increase. 
 
The higher carbon assimilation for the exposed compared to liberated seedlings is 
one reason for differences in biomass between the two treatments at the end of the 
study (Fig. 4.7d).  The decrease in the assimilation rate for the liberated seedlings at 
the end of spring also corresponded with the increased level of visible frost damage 
shown by that treatment (Fig. 4.10). 
  4.44 Growth 
Overall, exposed seedlings grew more (P < 0.05) than liberated seedlings (Fig. 4.7b).  
This result was unexpected as the liberated seedlings had benefited from a reduction 
in light at the coldest time of the year, and were expected to take advantage of the 
increase in irradiance during spring and summer, when frosts are less severe and not 
as common.  This result contrasts with other work where snow gum seedlings 
partially shaded during winter, have shown enhanced growth in spring (Butterworth 
unpublished data) and summer (Holly unpublished data) when exposed to full 
sunlight.  The growth response of seedlings in this experiment also differs to the 
work of Holly et al. 1994, where eucalypt seedlings grown in part shade, grew more 
in winter and spring than seedlings exposed to full sunlight. 
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There are a range of possible reasons why the exposed seedlings outperformed the 
liberated seedlings.  Firstly, old leaves on the liberated seedlings, that is leaves that 
had overwintered, showed more (P < 0.01) necrotic frost damage (Fig. 4.10).  
Secondly, at the end of spring the liberated seedlings showed a significant (P < 0.05) 
loss in photosynthetic capacity (Fig. 4.6b).  Thirdly, liberated seedlings had a 
significantly (P < 0.05) lower overall leaf area (Fig. 4.9b) and finally, NAR was 
significantly (P < 0.05) lower in the liberated than in the exposed seedlings (Fig. 
4.8c). 
 
Although there was no difference in RGR between treatments, NAR was higher (P < 
0.05) in the exposed treatment when all seasons were pooled, than in the liberated 
treatment.  NAR also tended to be larger during spring (albeit insignificantly; P = 
0.07) in the exposed (4.45 ± 0.8 mg m-2 d-1) compared to the liberated seedlings (0.69 
± 0.5 mg m-2 d-1) which corresponded with significant (P < 0.05) differences in 
photosynthetic capacity between the two treatments at the end of spring (Fig. 4.6b).  
In contrast there was no treatment effect on LAR. 
 
In two other studies undertaken adjacent to the Gudgenby field site, snow gum 
seedlings showed a significant growth enhancement following exposure to full 
irradiance in spring (Butterworth unpublished results), and in the longer term after 
experiencing full sunlight in spring and summer (Holly unpublished results).  Why 
then, was there such a dramatic difference in growth response between the present 
study, and the two other snow gum studies undertaken at Gudgenby?  In all three 
studies similar methodologies were used except for one major difference, fertiliser 
was applied in the present study and not in the other two studies.  In fact, the study 
by Holly was established at the same time as the present one and had identical 
corresponding treatments but without fertiliser. 
  4.45 Necrotic frost damage 
During the present experiment there was negligible visible necrotic frost damage in 
all seasons except spring.  Frost damage in spring, however, accounted for 14.9 % of 
leaf area that had overwintered and most of the damage was in seedlings in the 
liberated treatment (Fig. 4.10).  There was more leaf damage located on leaves that 
were still attached, and there was an associated difference (albeit insignificant) in 
live leaf area at the end of spring, with exposed seedlings tending to have more leaf 
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area than liberated seedlings.  The majority of frost damage was likely to have been 
in response to a week of sub-zero temperatures at the end of September, culminating 
in a minimum air temperature of -8.9 oC at 20 cm above ground (Fig. 4.1).  This 
series of frost events followed a relatively mild period of almost four weeks which 
presumably was responsible for the seedlings becoming less cold tolerant.  The 
timing of this freezing damage corresponded with frost damage in a separate field 
trial of planted snow gum seedlings undertaken at Bungendore at the same time 
(around 70 km from Gudgenby) which utilised the same seed source (Lutze et al. 
1998).  A second piece of evidence that suggests the majority of frost damage 
occurred in late September is that most (P  < 0.01) damage occurred in leaves that 
had overwintered and leaf flush did not commence until late October.  The spring 
frost damage at Gudgenby reflects how eucalypts are prone to frost damage not only 
when temperature extremes are at their lowest, but also in spring when they are less 
cold hardened (Hallam and Reid 1989, Menzies et al. 1981, Tibbits and Reid 1987). 
 
Why did the liberated seedlings suffer a significant increase in frost damage at the 
end of spring compared to the exposed seedlings?  The answer is unclear, although 
one possible reason relates to how the relative availability of fertiliser may have 
affected the cold hardiness of the two treatments.  At the commencement of the 
experiment slow release Osmocote® was placed on the surface next to each seedling.  
As the release of Osmocote® is temperature dependent, it is likely that the exposed 
seedlings would have experienced higher surface temperatures.  The exposed 
seedlings during the first two seasons of this experiment would therefore have had 
greater nutrient availability than the sheltered seedlings.  As there is evidence that 
increased nutrient supply increases cold hardiness (DeHayes et al. 1989, Klein et al. 
1989, L’Hirondelle 1992, Sheppard 1994, Jalkanen et al. 1998, Lutze and Ball 
unpublished), it is possible that in the first few weeks of spring, the exposed 
seedlings were more cold hardy than the liberated s
 lxviii 
Chapter 5 
Seasonal variation in microclimate, chlorophyll fluorescence 
 and growth of seedlings exposed to full sunlight 
 5.1 Introduction 
Few studies have investigated the seasonal growth of eucalypts, and there are no 
published studies, to my knowledge, that have investigated the relationship between 
chlorophyll fluorescence, microclimate and plant growth over the course of an entire 
year.  This chapter aims to illustrate how snow gum growth varied seasonally under 
full sunlight, and asks whether growth correlated in the longer term with 
microclimate and chlorophyll fluorescence.  It also aims to show that temperature 
close to ground is different from what is measured at Stevenson screen height. 
 5.2 Methods 
Total horizontal Photosynthetically Active Radiation (PAR) was determined with a 
quantum sensor (LI-COR, Nebraska USA).  The quantum sensor was calibrated in 
natural sunlight against a quantum sensor of known calibration (LI-COR, Nebraska 
USA) using a range of neutral density filters.  PAR was measured every 10 seconds 
and a 30 minute average was recorded on a DT100F data logger (Data Electronics, 
Victoria Australia). 
 
Other microclimatic variables were measured at the study site using techniques 
outlined in Chapter 2.  This chapter presents microclimate results for the entire 
experiment collected from the weather station established adjacent to the planted 
seedlings.  Chlorophyll fluorescence was measured using methods outlined in 
chapter 2, and growth was estimated using techniques also outlined in chapter 2. A 
non-destructive estimate of total stem length was undertaken on exposed seedlings 
allocated to the final harvest at weekly intervals, for the later half of autumn 1996, 
and from the beginning of spring through to the end of autumn 1997.  This chapter 
will present for the entire experiment, average seasonal chlorophyll fluorescence and 
growth values for the exposed seedlings. 
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 5.3 Results 
  5.31 Study site microclimate 
  5.311 Temperature 
Figure 5.1 shows that temperatures experienced by a newly planted tree seedling are 
considerably different from what is recorded in a Stevenson screen at 1.2 m above 
ground.  At 1.2 m the absolute minimum temperature was -9.0 oC and the absolute 
maximum was 32.9 oC (Fig. 5.1e).  In contrast, the minimum at 20 cm above ground 
was both colder (-11.2 oC) and the maximum was hotter (36.4 oC) than at 1.2 m (Fig. 
5.1c). 
 
At 1.2 m above ground temperature fell below 0 oC on 120 days over the 15 month 
experimental period, while at 20 cm above ground there were 193 days during the 
experimental period when the temperature was below freezing, so that near the 
ground there were 60 % more days below zero than at screen height.  If temperature 
had been collected only at screen height, then measurements would suggest a four 
month frost free period from December 1996 through to March 1997 (Fig. 5.1j).  
However at seedling level (20 cm above ground), the frost free period was only two 
months (Fig. 5.1h). 
 
Frosts are more common near the ground and extremes of maximum temperature are 
more frequent.  At screen height there were 10 days in which temperature was above 
30 oC (Fig. 5.1e).  On the other hand at 20 cm above ground, 27 days were recorded 
with temperatures beyond 30 oC (Fig. 5.1c).  Therefore it is three times more likely 
for air temperature to exceed 30 oC at 20 cm than at 1.2 m. 
 
Below ground temperature amplitude was dependant on depth.  The absolute 
minimum soil temperatures at 0.5 cm depth was -1.8 oC and the absolute maximum 
was 43.0 oC (Figs. 5.1b, g).  Furthermore, at 0.5 cm temperature dropped below 
freezing on 39 days and there were 60 days above 30 oC (Figs. 5.1b, g).  At 20 cm 
below ground temperatures were much milder, where it remained above freezing and 
absolute minimum and maximum temperatures recorded were 1.4 and 23.5 oC (Figs. 
5.1a, f). 
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Figure 5.1.  Gudgenby temperature environment.  Daily maximum and minimum 
soil temperatures at 20 (a) and 0.5 (b) cm below ground, air temperatures at 20 (c) 
and 50 (d) cm above ground and air temperature in a weather screen at 120 cm 
above ground (e).  Monthly maximum and minimum soil temperature at 20 (f) and 
0.5 (g) cm below ground, air temperatures at 20 (h) and 50 (i) cm above ground 
and air temperature in a weather screen at 120 cm above ground (j).  
Temperatures were measured adjacent to the planted snow gum seedlings from 
the beginning of March 1996 to the end of May 1997. 
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  5.312 Light 
The PAR recorded at Gudgenby is summarised in Fig. 5.2.  Daily total PAR varied 
seasonally and was highest during summer, lowest in winter and fluctuated 
considerably from day to day (Fig. 5.2a).  Daily total PAR averaged 49.56 ± 1.42 
mol m-2 day-1 in summer with values ranging from 15.59 to 66.37 mol m-2 day-1, in 
winter values averaged 21.62 ± 0.89 mol m-2 day-1, where the minimum was 3.55 and 
the maximum was 34.31 mol m-2 day-1 (Fig. 5.2a).  Daily maximum PAR in summer 
and winter averaged 1993 ± 33 and 1079 ± 35 µmol m-2 day-1 respectively (Fig. 
5.2b).  The minimum and maximum daily maximum values in summer were 799 and 
2343 µmol m -2 day-1 and in winter daily maximum PAR was found within the 
following extremes; 234 and 1484 µmol m-2 day-1 (Fig. 5.2b) 
 
Figure 5.2.  Daily  total  (a)  and  daily  maximum (b)  horizontal  PAR  measured  at  
Gudgenby from the beginning of March 1996 to the end of May 1997. 
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  5.313 Rainfall 
During the experiment weekly rainfall was variable, with some weeks receiving no 
rain, while other weeks had considerable amounts (Fig 5.3a).  There was a long dry 
period near the end of the experiment when for a ten week period from March 
through to May 1997, weekly rainfall did not exceed 5 mm (Fig. 5.3a).  At the other 
extreme maximum weekly rainfall was 80 mm and this occurred in May 1996 (Fig. 
5.3a).  Rainfall varied seasonally with the most rain during spring, and the least in 
autumn 1997 (Fig. 5.3b).  The long term average on the other hand has an even 
spread of rainfall throughout the year (Bureau of Meteorology 1998). 
 
Figure 5.3.  Weekly (a) and  seasonal (b)  rainfall,  measured at Gudgenby  from  the  
beginning of March 1996 to the end of May 1997. 
 
  5.32 Chlorophyll fluorescence 
There were seasonal differences in seedling Fo (Fig. 5.4a), where autumn 1996 
(675.7 ± 11 mV) and summer (701.2 ± 45mV) was significantly (P < 0.01) higher 
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than winter (537.2 ± 16 mV), spring (609.2 ± 28 mV) and autumn 1997 (563.7 ± 10 
mV).  Fm was also influenced by season (Fig. 5.4b) so that Fm was lowest in winter 
(1729 ± 193 mV) and spring (2097 ± 121 mV), and these two seasons were 
significantly (P < 0.01) lower than autumn 1996 (2048 ± 196 mV), summer (2541 ± 
102 mV) and autumn 1997 (2680 ± 96 mV) (Fig. 5.4b). 
 
Fv/Fm values varied with season, so that winter had the lowest Fv/Fm (0.670 ± 0.024), 
spring (0.690 ± 0.035), summer (0.703 ± 0.031) and autumn 1996 (0.705 ± 0.026) 
were intermediate, while autumn 1997 (0.784 ± 0.004) had the highest Fv/Fm (Fig. 
5.4c).  Fv/Fm was similar in all seasons, other than autumn 1997 in which values were 
significantly (P < 0.05) higher (Fig. 5.4c). 
 
Figure  5.4.   Seasonal   midday   chlorophyll   fluorescence   in   leaves  of  seedling  
Eucalyptus pauciflora.  Average weekly Fo (a); Fm (b); Fv/Fm (c).  Bars gives least 
significant difference (LSD) between means. 
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ΦPSII did not significantly alter with season while the Electron Transport Rate (ETR) 
was significantly (P < 0.01) lower in autumn 1997 (49.3 ± 10 µmol e- m-2 day-1) and 
winter (55.0 ± 5 µmol e- m-2 day-1), compared to  summer (115.6 ± 3 µmol e- m-2 
day-1), spring (120.3 ± 16 µmol e- m-2 day-1) and autumn 1996 (134.0 ± 15 µmol e- 
m-2 day-1) (Fig. 5.5). 
Figure 5.5.  Seasonal midday electron transport rate in leaves of seedling Eucalyptus 
pauciflora.  Bars gives least significant difference (LSD) between means. 
 
  5.33 Growth 
  5.331 Biomass 
The seedlings grew throughout the study and the influence of seasonality was strong, 
so that total biomass was significantly (P < 0.01) different in every season, except for 
autumn 1996 and winter (Fig. 5.6a).  Shoots increased in biomass during all seasons, 
except winter when there was a small decrease, resulting in significant (P < 0.01) 
differences in shoot biomass between all seasons except autumn 1996 and winter, 
which were similar to one another (Fig. 5.6b).  In contrast, root growth continued in 
every season so that all seasons were significantly (P < 0.01) different to one another 
(Fig. 5.6c). 
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Figure 5.6.  Seasonal  biomass  of seedling Eucalyptus pauciflora.  Average biomass  
of (a) whole plants, (b) shoots and (c) roots.  Bars gives least significant 
difference (LSD) between means. 
 
  5.332 Relative Growth Rate 
Relative Growth Rate (RGR) varied with season with summer having the highest rate 
(26.45 ± 1.6 mg g-1 d-1) and winter having the lowest (1.51 ± 0.8 mg g-1 d-1) (Fig. 
5.7a).  Both summer and winter were significantly (P < 0.01) different to all other 
seasons (Fig. 5.7a).  RGR within each season varied considerably above and below 
ground.  In all five seasons root RGR was significantly (P < 0.01) different to shoot 
RGR and the relative success of roots versus shoots swapped around at different 
times of the year (Fig. 5.7b).  In spring and summer, shoot RGR was significantly (P 
< 0.01) higher than root RGR, while in autumn 1996, winter and autumn 1997 the 
 lxxvi 
opposite was true with root RGR being significantly (P < 0.01) higher than shoot 
RGR (Fig. 5.7b). 
 
Figure 5.7.  Seasonal relative growth rate of seedling Eucalyptus pauciflora.  
Average relative growth rate of (a) whole plants, (b) roots (Rt) and shoots (Sh).  
Bars gives least significant difference (LSD) between means. 
 
  5.333 Net Assimilation Rate and Leaf Area Ratio 
Net Assimilation Rate (NAR) was significantly (P < 0.01) highest in summer (9.74 ± 
0.6 m-2 d-1) and significantly (P < 0.01) lowest in winter (0.68 ± 0.4 m-2 d-1) (Fig. 
5.8a).  Seedlings in the other three seasons had intermediate NAR values (Fig. 5.8a).  
Leaf Area Ratio (LAR) varied with season, where values were significantly (P < 
0.01) highest in summer (3.26 ± 0.1 m-2 kg-1) and lowest (P < 0.01) in winter (1.85 ± 
0.1 m-2 kg-1) (Fig. 5.8b). 
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Figure 5.8.  Seasonal components of relative growth rate of Eucalyptus pauciflora 
seedlings.  (a) Average net assimilation rate.  (b) Average leaf area ratio.  Bars 
indicate least significant difference (LSD) between means. 
 
  5.334 Leaf Area 
The major period of leaf expansion was summer and to a lesser extent spring, as 
these were the only seasons where there was a significant (P < 0.01) increase in leaf 
area (Fig. 5.9a).  At the end of winter there was a slight (albeit insignificant) decrease 
in leaf area (Fig. 5.9a). 
  5.335 Specific Leaf Area and Leaf Weight Ratio 
At the end of the first season of the experiment (autumn 1996), Specific Leaf Area 
(SLA) values were at their highest, however by the end of the next season (winter), 
SLA had significantly (P < 0.01) declined (Fig. 5.9b).  Thereafter there was a gradual 
increase in SLA so that by the end of summer, values had returned to autumn 1996 
levels (Fig. 5.9b).  In the final season (autumn 1997) of the experiment SLA had  
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fallen considerably and was significantly (P < 0.01) lower than all other seasons (Fig. 
5.9b).  Leaf Weight Ratio (LWR) fell significantly (P < 0.01) during winter and 
maintained similar values during spring, while in summer LWR increased 
significantly (P < 0.01) and retained similar values until the end of the autumn 1997 
(Fig. 5.9c). 
 
Figure 5.9.  Seasonal biomass allocation of Eucalyptus pauciflora seedlings.  (a) 
Average leaf area.  (b) Average specific leaf area.  (c) Average Leaf Weight 
Ratio.  Bars indicate least significant difference (LSD) between means. 
 
  5.336 Total stem length 
At the commencement of weekly measurements in mid-autumn 1996, stem length 
averaged 0.11 ± 0.01 m (Fig. 5.10a).  Stem length elongation was very slow until late 
spring when the rate of stem length began to increase (Fig. 5.10a).  Maximum stem 
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length elongation rates occurred during summer when seedlings averaged 0.19 m 
week-1 (Fig. 5.10a).  During autumn 1997 stem elongation rates plateaued so that by 
the end of the study total stem length averaged 3.63 ± 0.91 m (Fig. 5.10a). 
 
The commencement and cessation of vigorous stem elongation corresponded with 
average soil temperatures at 20 cm depth in excess of around 12 oC (Fig. 5.10b, c).  
With regard to above ground temperature, active stem elongation began while 
minimum air temperature at 20 cm above ground was still below -3 oC (Fig. 5.10b, 
c).  Maximum stem elongation, however, occurred while minimum air temperatures 
at 20 cm above ground were near or above -2 oC (Fig. 5.10b, c).  There was a decline 
in stem elongation associated with two very hot weeks at the end of February where 
maximum air temperature reached 36.4 oC (Fig. 5.10b, c).  The decline in the rate of 
stem length increment coincided with a fall in minimum air temperature at 20 cm 
above ground, with vigorous growth ceasing  after minimum  temperature  dipped to 
-8.4 oC (Fig. 5.10b, c). 
 5.4 Discussion 
The microclimate at the study site clearly produced conditions suitable for 
photoinhibition, that is irradiance levels were high all year round while sub-zero 
temperatures were common in winter, and high temperature extremes occurred in 
summer.  While chlorophyll fluorescence varied seasonally, there was no clear 
relationship between seedling growth and chlorophyll fluorescence.  Seedling growth 
at Gudgenby continued year round and the major period of growth was in summer, 
which correlated most closely with a combination of minimum air temperature and 
average soil temperature. 
  5.41 Microclimate 
During this study minimum temperatures at Gudgenby were below freezing at 
seedling height in every month except January and February (Fig. 5.1).  Bright sunny 
days were also common throughout the experiment, even during winter (Fig. 5.2).  
Therefore conditions at Gudgenby were clearly suitable for cold-induced 
photoinhibition, especially during winter.  Temperatures during summer however 
were clearly high enough to also be considered photoinhibitory (Fig. 5.1). 
 
 
 
 lxxx 
 
Figure 5.10.  Temperature and stem length elongation.  (a) Total stem length of 
Eucalyptus pauciflora seedlings measured from mid-April 1996 through to the 
end of May 1997.  Values are mean ± SE, n = 6 for repeated measures made on 
the same plants assigned to the final harvest.  (b) Maximum (up triangles) and 
minimum (down triangles) weekly air temperature at 20 cm above ground.  
Average weekly soil temperature at 20 cm below ground (closed squares).  
Temperatures shown are from the start of September 1996 through to the end of 
May 1997.  The hatched area covers the period of vigorous stem length increment.  
(c) Natural log transformed weekly stem length increment of Eucalyptus 
pauciflora, averaged over two weeks. Values are means, n = 6 for repeated 
measures made on the same plants assigned to the final harvest.  Values shown 
are from the start of September 1996 through to the end of May 1997.  The 
hatched area highlights the period of vigorous stem length increment. 
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Measurements of above ground temperature indicated that temperatures experienced 
by small tree seedlings in the open, are far more extreme than at official Stevenson 
screen height.  At night air temperatures near the surface were both colder than at 1.2 
m, and consequently frosts were much more common closer to the ground (Fig. 5.1c, 
h, e, j).  It was also hotter during the day at seedling height (20 cm above ground) 
compared to screen height, with temperature events in excess of 30 oC considerably 
more frequent (Fig. 5.1 c, h, e, j). 
 
Below ground temperatures are also important as a large fraction of a tree seedling’s 
biomass is located below ground.  Soil temperatures fluctuate far less below than 
above ground, and temperature extremes are much less for roots than for above 
ground shoots.  For example at 20 cm depth, it did not fall below 0 oC and the 
absolute maximum temperature only reached 23.5 oC (Fig. 5.1a, f).  Therefore a 
considerable proportion of the biomass of the planted seedlings did not experience 
either freezing temperatures or detrimental maximum temperatures.  However 
temperatures near the surface can be freezing or extremely hot, for example the 
hottest temperature recorded at Gudgenby reached 43 oC (Fig. 5.1a, f). 
 
Long term weather records from the nearby Gudgenby homestead indicate that 
screen temperature can fall below zero at any time of the year, although freezing 
temperatures are uncommon in January and February (Bureau of Meteorology 1998).  
During the study period temperature in the screen did not fall below zero between 
December 1996 and March 1997, a period of four months (Fig 5.1e, j).  So, 
compared to the long-term record, the frost free period at Gudgenby during the study 
period was slightly longer than average.  Monthly minimum and maximum 
temperatures during the study period were similar to what has been recorded at 
Gudgenby homestead, while mean monthly minimum and maximum temperatures 
were also close to the long-term average. 
 
Overall, compared to long-term records the temperature environment at the study site 
was neither unusually warm or cold.  For this reason it is possible to state that 
temperature during the experiment was within long-term averages and that the 
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response of the planted tree seedlings was not due to unanticipated temperature 
conditions. 
 
Figure 5.2a shows that total daily PAR was considerably higher in summer than in 
winter, owing to seasonal changes in daylength and solar elevation.  Although daily 
maximum irradiance was also much higher in summer than in winter, in every season 
daily maximum irradiance was regularly in the saturating range for photosynthesis 
and clearly high enough to be photoinhibitory (Fig 5.2b). 
 
Compared to long-term rainfall records taken at nearby Gudgenby homestead 
(Bureau of Meteorology 1998), rainfall during the experiment was below the long-
term average.  The total rainfall for the 15 month experimental period was 789.5 mm 
(Fig. 5.13), while average rainfall for the equivalent length of time is 945.5 mm.  
Although rainfall was less than average, it exceeded the lowest 10 % of recorded 
annual rainfall.  The study was therefore not undertaken during an extremely dry 
period, and the response of the planted tree seedlings should not be viewed as 
unrepresentative because of the below average rainfall. 
  5.42 Chlorophyll Fluorescence 
At Gudgenby photoinhibition tended to be most pronounced in winter which agrees 
with previous studies of field grown plants (Ball et al. 1991, Farage and Long 1991, 
Oberhuber and Bauer 1991, Holly et al. 1994, Ball et al. 1997, Blennow et al. 1998).  
Fv/Fm however did not recover significantly (P < 0.05) from low values reached in 
winter, until autumn 1997 (Fig. 5.4c), which contrasts with the work of Holly et al. 
(1994) and Ball et al. (1997) who showed a strong spring recovery of Fv/Fm for field 
grown eucalypts after winter Fv/Fm depression.  Temperatures below -5 
oC at 
Gudgenby however, continued to be common right up until mid November (Fig. 
5.1c).  Not only can photoinhibition occur in response to low temperatures, high 
temperatures can also cause photoinhibition (Bjorkman and Powles 1984, Bongi and 
Long 1987, Roden and Ball 1996).  Field based studies have also shown 
photoinhibition to increase during summer following hot and dry conditions 
(Figueroa et al. 1997, Valladares and Pearcy 1997).  At Gudgenby during summer, 
air temperature reached 36.4 oC (Fig. 5.1h) at seedling height (20 cm above ground), 
and average Fv/Fm remained relatively low. 
 
 lxxxiii 
There was no clear relationship between seasonal changes in Fo, Fm and Fv/Fm, 
except that Fm generally rose and fell in tandem with Fv/Fm (Fig. 5.4).  The lack of 
any clear trend between average seasonal Fo, Fm and Fv/Fm is an indication that 
seasonal averages are far too coarse to provide any meaningful insight into how these 
parameters may vary.  ETR also showed strong seasonal differences, however these 
differences were primarily related to average seasonal irradiance at time of 
measurement. 
  5.42 Growth 
Growth occurred in all seasons (Figs. 5.6a, 5.7a) although at much reduced rates 
during winter, consistent with other studies of temperate eucalypts (Ashton 1975, 
Withers 1978, Holly et al. 1994, Hingston and Galbraith 1998) and snow gum 
(Egerton and Wilson 1993, Ball et al. 1997).  Maximum growth was in summer (Fig. 
5.7a), where air temperature close to the ground did not fall below temperatures of 
around -2 oC.  Previous studies of the seasonal growth of temperate eucalypts have 
shown maximum growth in both spring (Hingston and Galbraith 1998) and summer 
(Ashton 1975, Cremer 1975).  Growth varied markedly (P < 0.01) above and below 
ground with season, so that in spring and summer shoot growth easily outstripped 
root growth, while in autumn 1996, autumn 1997 and winter the reverse was true 
(Fig. 5.7b).  The only seasonal environmental factor that corresponded with the 
relative growth of roots versus shoots is temperature.  The second half of seasons 
with superior root growth had cool temperatures, while the second part of seasons 
with superior shoot growth had relatively warm temperatures.  This observation 
agrees with the work of Cremer (1975) and Paton (1980) who showed that the 
relative contribution of root growth in E. regnans was higher at cooler temperatures. 
 
Changes in RGR were more closely linked to changes in NAR compared to LAR, 
although the relative contribution of LAR and NAR to RGR varied seasonally (Fig. 
5.8).  When the components of LAR were looked at more closely, it is unclear 
whether either SLA or LWR was more influential.  It is however important to 
mention that the decline in LWR in winter is likely to have been caused by a loss of 
leaf area, which would have contributed to a relatively smaller shoot mass compared 
to root mass. 
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In a range of studies, photoinhibition has been negatively correlated with growth 
(Farage and Long 1991, Holly et al. 1994, Ball et al. 1997, Butterworth and Ball 
unpublished), this study on the other hand had a similar trend in the first autumn and 
winter, but after winter there was little correlation.  Why then was there little 
relationship between Fv/Fm and growth?  At Gudgenby, winter Fv/Fm values did not 
show the same degree of cold-induced photoinhibition, as in previous studies 
(Oberhuber and Bauer 1991, Holly et al. 1994, Ball et al. 1997, Butterworth and Ball 
unpublished) and did not recover as quickly coming into spring (Holly et al. 1994, 
Ball et al. 1997, Butterworth and Ball unpublished).  Therefore Fv/Fm had a relatively 
small spread of values which made statistical correlation with growth much less 
likely. 
 
Stem elongation in excess of 20 mm week-1 correlated with below ground 
temperature at 20 cm depth being in excess of around 12 oC (Fig. 10b, c).  With 
regard to above ground temperatures, commencement of active stem length 
elongation occurred prior to minimum air temperature at 20 cm remaining above -3 
oC and active stem elongation continued after minimum air temperature fell below -3 
oC (Fig. 10b, c).  Maximum rates of stem elongation greater than 150 mm week-1 
however corresponded to minimum air temperature at 20 cm remaining close to or 
above -2 oC (Fig. 10b, c).  Previous studies that have related seasonal growth of 
temperate eucalypts to climate have concluded that mean maximum air temperature 
(Ashton 1975, Cremer 1975) was the environmental factor that correlated most 
strongly with growth.  In contrast the present study suggests that the most active 
period of above ground growth relates to a combination of minimum air temperature, 
and average soil temperature. 
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Chapter 6 
Overall Discussion 
 6.1 Introduction 
The results from this study can be neatly divided into two distinct parts, before and 
after the removal of the vertical shade panels.  Before the panels were removed at the 
end of winter, seedlings which received reduced irradiance clearly outperformed 
seedlings exposed to full sunlight.  Following the removal of the panels the opposite 
occurred and seedlings which remained in full sunlight for the entire experiment 
were overall more successful than seedlings that were initially shaded.  Accordingly, 
this chapter begins with a discussion of results when the shelters were in place and a 
discussion of what occurred following their removal.  There is then a review of how 
effective chlorophyll fluorescence techniques were in this experiment at predicting 
tree seedling stress and growth.  Leading on from the discussion of the application of 
chlorophyll fluorescence techniques are some thoughts on the seasonal growth of 
snow gum and the influence of microclimate on tree seedling establishment in 
general.  In an attempt to look more broadly at the implications of this study, 
attention is then given to its overall ecological significance.  In conclusion a number 
of suggestions are made for further research together with general recommendations 
which may assist tree planting in temperate Australia. 
 
 6.2 Influence of shade on snow gum seedlings during the  
  first autumn and winter 
The first part of this experiment showed how shading can ameliorate low 
temperature stress in E. pauciflora, one of the most freeze-hardy of broadleaved 
evergreen trees (Sakai et al. 1981).  Light usually is considered a resource in 
ecological studies.  However, light in combination with low temperatures can also be 
a major source of stress, resulting, for example, in photoinhibition.  At the most 
fundamental level, leaves of E. pauciflora seedlings exposed to direct sunlight 
became more photoinhibited than sheltered leaves in response to decreasing 
minimum temperatures.  While the biochemical processes of photoinhibition occur 
over very small scales of time and space, long-term effects of photoinhibition were 
evident at higher levels of organisation in the light-dependent reduction of 
photosynthetic rates of intact leaves, in increased loss of leaf area and in decreased 
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seedling growth.  These results are consistent with spatial patterns of regeneration in 
relation to microclimate (Ball et al. 1991, Ball 1994).  Clearly, interactive effects of 
temperature and light are of key importance to understanding how nurse plants 
enhance tree seedling establishment in frost prone areas. 
 
6.3 Response of snow gum seedlings in spring, summer  
and the second autumn following the removal of the  
shade panels 
The second part of this study showed that there was only a short term benefit of 
shade over autumn and winter.  After the shade shelters were removed, the seedlings 
that were always exposed to direct sunlight suffered less frost damage and 
maintained higher photosynthetic rates in spring, than seedlings that received 
reduced irradiance for the first two seasons.  Overall, the exposed seedlings gained 
more biomass after the shelters were dismantled, primarily due to higher net 
assimilation rates. 
 
This result was unexpected as the shaded seedlings were clearly larger than the 
exposed seedlings at the end of winter, and were expected to continue to maintain 
their biomass advantage.  The difference in growth between the two treatments 
following the removal of the shelters was not related to photoinhibition, as there was 
little difference in Fv/Fm between the two treatments during this period.  However, 
for reasons that are unclear, the exposed seedlings seemed to have maintained a 
higher level of frost tolerance than the seedlings that were previously shaded. 
 
A possible explanation that requires further investigation is that nutrient availability 
may have had a role in determining the level of tree seedling frost hardiness.  In this 
study slow release fertiliser was placed alongside each seedling at planting.  In 
contrast, other studies at Gudgenby, undertaken both prior to this experiment 
(Butterworth unpublished data), and at the same time (Holly unpublished data) 
showed little evidence of frost damage to snow gum liberated from shade shelters 
during spring.  In both these complementary studies seedlings were not provided 
with additional nutrients. 
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6.4 How useful are chlorophyll fluorescence techniques at  
predicting tree seedling stress and growth? 
A primary aim of this project was to determine whether chlorophyll fluorescence 
techniques can be used to predict the growth of tree seedlings, and whether these 
techniques can be used to ascertain whether tree seedlings were stressed without 
showing obvious visual symptoms.  With regard to whether chlorophyll fluorescence 
was related to growth, this was only true in the first two seasons of the study when 
the level of photoinhibition (as measured by the parameter Fv/Fm) corresponded with 
seedling growth.  This result agrees with previous studies in both agricultural crops 
such as canola (Farage and Long 1991) and other studies involving eucalypts (Holly 
et al. 1994, Ball et al. 1997).  However, beyond the end of winter, there was no 
relationship between growth and Fv/Fm.  Interestingly, in this study, average weekly 
Fv/Fm to did not recover from levels that are considered to be photoinhibitory until 
the second autumn (1997), which contrasts with previous studies of field grown 
eucalypts which have shown recovery of Fv/Fm in early spring (Holly et al. 1994, 
Ball et al. 1997, Roden et al. 1999).  A possible reason for the relatively slow 
recovery of Fv/Fm is that during this study sub-zero temperatures continued all the 
way through to mid-December after which high temperature extremes were common 
in January and February. 
 
Short-term stress in response to extremes of both heat and cold was shown using 
chlorophyll fluorescence when there was a decline in Fv/Fm associated with a rise in 
Fo, suggesting photoinactivation of PSII (Osmond et al. 1999).  Such a pattern has 
been correlated with damage to the thylakoids (Franklin et al. 1992) and would be 
consistent with damage to PSI (Terashima et al. 1994).  In each of these cases of 
photoinactivation there was a rapid recovery shown in the set of measurements made 
one week later.  This field study was sufficiently detailed, with its weekly 
measurements over a fifteen month period, to reveal these short term fluctuations in 
PSII activity. 
 
6.5 The influence of microclimate on tree seedling  
growth and establishment 
This study highlights the importance of microclimatic factors such as light to tree 
seedling establishment and growth.  This conclusion contrasts strongly with the view 
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of Yates and Hobbs (1997) who conclude that factors influencing the degradation of 
remnant eucalypt woodlands are relatively well documented and that changes in 
radiation are unlikely to have a significant impact. 
 
The microclimates within and outside a forest canopy are extraordinarily different.  
Not only are light levels much higher, but there are greater extremes of maximum 
and minimum temperature, altered relative humidity, soil moisture and soil nutrient 
status.  The experiment described in this thesis examined the effect in the field of two 
different light environments on the establishment of planted seedling snow gum, 
exposed to similar minimum overnight temperatures.  It showed that the contribution 
of light alone was clearly significant.  If a reduction in light alone can increase 
growth in a light demanding species in winter, when temperature is limiting, it 
further indicates that the role of microclimate should not be ignored when attempting 
to reforest areas that have been cleared.  In addition, the results from this experiment 
cannot be dismissed as it was undertaken in the field, using a species that occurs in 
the area surrounding the study site. 
 
Official weather records are generally collected from locations that are not near the 
ground underestimate both extremes of maximum and minimum temperature.  This 
should be taken into account when selecting tree species for regeneration purposes. 
 
 6.6 Seasonal growth of snow gum 
This study has shown that snow gum continues to grow all year round, even in winter 
(albeit at a much reduced rate) and the most vigorous season for growth is summer.  
Maximum rates of growth continued throughout summer, even during periods when 
average leaf temperatures were in excess of 35 oC.  The factor most likely to be 
limiting growth at Gudgenby is minimum temperature, as growth rates were lowest 
at the coolest time of year and highest during the warmest period.  It was unlikely 
that soil moisture was limiting to growth at any stage as roots clearly had access to 
water at depth. 
 
This study also illustrated that the relative growth rates of roots versus shoots varied 
seasonally, with roots outgrowing shoots in autumn and winter, and shoots 
outgrowing roots in spring and summer.  This result is curious and it is unclear why 
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it occurred.  However, it is interesting to note that during spring and summer, 
average soil temperature at 20 cm below ground gradually increased, while during 
the two autumns and winter, temperatures gradually decreased.  This difference in 
seasonal changes in temperature may provide a cue for different patterns of growth 
above and below ground. 
 
 6.7 Ecological significance 
This study helps to explain the role of light in determining the asymmetric pattern of 
regeneration shown in the studies undertaken by Ball et al. (1991) and Ball (1994).  
Clearly, both light and extremes of minimum temperature are involved in the pattern 
of regeneration described in the above two publications, however this project clearly 
indicates that a reduction in light alone during autumn and winter benefits the growth 
of snow gum seedlings.  In a recent study by Ball et al. (1997), snow gum seedlings 
were grown in microclimates which differed in minimum temperature while there 
was no difference in light interception.  In their study, seedlings in the warmest 
locations were clearly more successful than seedlings located in microclimates with 
more frequent and more extreme frosts.  The challenge now is to determine how light 
and temperature in combination and separately affect regeneration. 
 
Seedlings are most likely to benefit from a reduction in light when limited by 
environmental stress such as extremes of maximum or minimum temperature.  
However, a point that must be stressed is that during periods of environmental stress 
moderate reductions in light are more likely to enhance growth rather large 
reductions in light.  There is a balance between reducing excess light and providing 
enough light to avoid limitation. 
 
The role of nurse plants in facilitating regeneration is receiving increasing attention 
in community ecology (Callaway and Walker 1997).  Positive plant interactions have 
been observed in many environments (Bertness and Callaway 1994) including 
deserts (Franco and Nobel 1989, Valiente-Banuet and Ezcurra 1991, Suzán et al. 
1997), salt marshes (Bertness 1991, Bertness and Shumway 1993, Bertness and Yeh 
1994, Callaway 1994), tundra (Carlsson and Callaghan 1991), sand dunes (Kellman 
and Kading 1992), grasslands (Greenlee and Callaway 1996), and woodlands (Noble 
1980, Ball et al. 1991, Callaway 1992, Ball 1994).  In these studies, individual plants 
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benefited from a reduction in light as a result of shadows cast by neighbouring 
vegetation.  In most cases, the benefits of a reduction in irradiance were attributed to 
secondary effects such as increased soil moisture (Holmgren et al. 1997) and nutrient 
availability (Callaway et al. 1991), or amelioration of temperature extremes (Franco 
and Nobel 1989).  However, there is increasing evidence that there are also direct 
benefits of reduction in irradiance when plant function is constrained by 
environmental stress (Ball 1994).  That is, plants may favour lower light levels 
during stressful periods and higher light levels during favourable conditions. 
 
 6.8 Further research 
As mentioned earlier in this chapter, the way in which the seedlings responded 
following the removal of the shade panels was unanticipated.  That is, the seedlings 
which were sheltered during the first six months of the study were expected to 
maintain their advantage over the exposed seedlings.  Why the exposed seedlings 
seemed to maintain a higher level of frost hardiness is unclear, although the influence 
of nutrient availability seems to have been an implicating factor.  Below is a brief 
description of suggested further research which may help to explain this unforeseen 
result.  Also provided are some other ideas for future research that build upon the 
work undertaken in this thesis. 
 
  6.81 How does fertiliser affect the cold tolerance  
   of tree seedlings? 
In this study the influence of fertiliser is likely to have been twofold.  It is likely that 
it promoted a growth response to treatment in winter, while it negatively influenced 
the maintenance of cold hardiness of the sheltered seedlings during spring.  This is 
consistent with other studies undertaken in the northern hemisphere (DeHayes et al. 
1989, Klein et al. 1989, L’Hirondelle 1992, Sheppard 1994, Jalkanen et al. 1998).  
However, these two statements are speculative at best and require further attention. 
Promising areas of research include the influence of fertiliser on frost damage under 
different light levels and the effect of fertiliser addition at different times of the year 
on cold hardiness. 
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  6.82 The role of temperature in determining seasonal  
   patterns of above and below ground growth 
An intriguing and unexpected result from this study was the difference in seasonal 
growth patterns above and below ground.  A valuable study would be to investigate 
the way in which increasing and decreasing temperature affects the relative 
contribution of root and shoot growth. 
 
6.83 What are the relative roles of light and temperature  
for snow gum seedling establishment and growth? 
A valuable further experiment which would build upon this study would be to 
examine the interactive influence of temperature and light on seedling establishment 
and growth.  This study has indicated that a reduction in light alone can benefit 
growth, while the work of Ball et al. (1997) has shown in the field that an increase in 
minimum temperature alone can increase seedling growth.  The next step therefore is 
to investigate simultaneously in the field the relative contribution of temperature and 
light to seedling regeneration.  A simple way to test this in the field would be to 
establish vertical shade panels either to the north or south of planted seedlings, in 
combination with or without the addition of horizontal clear plastic sheeting 
positioned directly overhead.  The use of vertical shadecloth would modify the light 
environment while the addition of plastic sheeting would alter temperature without 
significantly altering light.  However this solution is problematic because the two 
treatments that elevate temperature unduly compromise the soil moisture 
environment by interfering with rainfall and evaporation. 
 
6.84 What is the influence of nurse plants on the  
establishment and growth of tree seedlings? 
Although spatial patterns of regeneration suggest that adult trees facilitate natural 
seedling establishment by ameliorating unfavourable microclimates (Ball et al. 1991, 
Ball 1994), little is known about whether seedlings can benefit from nearby nurse 
plants that have also been planted.  In particular, there is real potential for studies 
which investigate whether fast growing, short lived species benefit slower growing, 
but longer living species, when planted in combination.  Specifically, can fast 
growing species create improved temperature and light environments?  Clearly this 
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avenue of research could provide a relatively inexpensive way of improving the 
success and productivity of tree planting on cleared land. 
 
 6.9 Recommendations which may assist tree planting  
  in temperate Australia 
During this study the weather fell within the long-term average.  Therefore a number 
of recommendations can be made which may assist the establishment of trees on 
cleared land in temperate Australia.  The recommendations that follow stem both 
from formal results and from informal observations and notes. 
 
  6.91 Recommendation #1 
To enhance growth and survival of regenerating or planted seedlings, provide a 
source of partial shade.  If shade cloth is used, the best and most cautious approach is 
to leave the shade cloth in place until the tree seedlings have grown to a height 
greater than 1m.  By doing so, a significant proportion of their active above ground 
growing tips will be relatively distant from microclimatic conditions that are 
considerably more extreme close to the ground.  By providing partial shade all year 
round, problems associated with unseasonal frost when seedlings are less freeze 
hardy are more likely to be avoided. 
 
  6.92 Recommendation #2 
If remnant trees are present in an area that is to be reforested, they should be utilised 
to further aid the survival and vigorous growth of the regenerating tree seedlings.  
Essentially the pattern of regeneration outlined in the papers of Ball et al.  (1991) and 
Ball (1994) should be emulated; that is, if remnant trees are present seedlings should 
be planted on their southern and western sides.  Planting however should not be 
undertaken directly underneath the canopy of these trees; it should commence near 
their southern and western edges. 
 
  6.93 Recommendation #3 
Based on the results from this project no additional fertiliser should be provided to 
newly establishing seedlings in frost prone areas.  This cautious approach is 
recommended because little is known about the relationship between nutrient 
availability and frost hardiness.  Previous complementary studies at Gudgenby using 
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similar techniques did not include the application of fertiliser, and in these studies 
snow gum seedlings showed no significant spring frost damage (Butterworth 
unpublished data, Holly unpublished data). 
 
  6.94 Recommendation #4 
In temperate Australia the recommended planting period is early autumn.  Planting in 
early autumn is a compromise between planting prior to the onset of heavy frost to 
encourage establishment and planting them in time to experience the moderately cold 
temperatures that promote cold hardiness.  Planting in autumn, when temperatures 
are relatively mild, gives transplanted seedlings the best chance to develop roots that 
are able to access water at depth later in the year, when water near the surface may 
be limiting.  Planting in summer on the other hand is not recommended, because the 
risk of heat and drought damage to young seedlings with poorly developed root 
systems far outweighs the reduced risk of frost damage.  Winter planting is not 
recommended because the danger of frost damage to insufficiently hardened 
seedlings is far too high.  Neither is spring planting recommended, as the risk of frost 
is still present, and planting at this time of the year does not allow seedlings time to 
develop deep roots necessary to avoid summer drought stress. 
 
 6.10 Other recommendations 
Prior to planting it is essential that seedlings are prehardened to field conditions.  If 
possible, at least two weeks prior to planting, all seedlings should be transferred 
close to the site that is planned for reforestation. 
 
At planting, deep watering of seedlings is highly recommended, as it is likely to 
improve seedling survival and growth. 
 
 6.11 Conclusion 
This study has shown that shading can ameliorate low temperature stress in E. 
pauciflora, one of the most freeze hardy of broadleaved evergreen trees (Sakai 
1981).  While the shelters were in place, seedlings exposed to direct sunlight showed 
a greater chronic depression in Fv/Fm, had lower rates of light saturated 
photosynthetic CO2 assimilation, and greater loss in leaf area.  All of these light-
dependent effects would have contributed to less growth in exposed than sheltered 
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seedlings over winter.  These results are consistent with spatial patterns of 
regeneration in relation to microclimate (Ball et al. 1991, Ball 1994).  However it 
remains unclear why the liberated seedlings suffered more frost damage than the 
exposed seedlings during spring, following the removal of the shade shelters.  This 
increased frost damage was associated with reduced photosynthetic rates and the 
accumulation of less biomass.  One possibility is that differences in nutrient status 
may have contributed to differences in freeze tolerance between exposed and 
liberated seedlings in spring.  The role of plant nutrition in frost hardiness is worthy 
of investigation.  Whatever the mechanism, interactive effects of temperature and 
light are of key importance to understanding how nurse plants enhance tree seedling 
establishment in frost prone areas.  Understanding these mechanisms should lead to 
improved methods of tree establishment on cleared and degraded land in temperate 
Australia. 
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APPENDIX 1 
 
Long Term Gudgenby Homestead Weather Records 
Commenced: 1886 Last Record: 1996 
Latitude: 35.75 S Longitude: 148.98 E  Elevation: 975.0 m 
 
  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANNUAL 
 
  Mean Daily Max Temp (oC) 
  25.7 25.2 21.8 17.8 13.1 10.1 9.4 10.8 13.5 17.3 20.0 23.8     17.4 
  Mean no. Days, Max >= 30.0 oC 
  6.8 5.5 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 3.0     16.5 
  Highest Max Temp (oC) 
  39.0 37.8 32.0 26.9 22.3 16.3 16.5 21.5 25.7 27.5 32.0 35.0     39.0 
 
  Mean Daily Min Temp (oC) 
  9.4 9.4 6.5 2.6 0.0 -2.3 -3.1 -1.7 0.2 3.3 5.1 7.0     2.9 
  Mean no. Days, Min =< 0.0 oC 
  0.2 0.6 2.4 10.2 15.1 18.6 21.5 19.2 15.4 7.3 3.7 1.4     115.4 
  Lowest Min Temp (oC) 
  -1.0 -2.2 -4.8 -8.2 -11.0 -12.0 -14.6 -10.8 -9.3 -6.5 -5.2 -1.5     -14.6 
 
  Mean Rainfall (mm) 
  76.6 57.9 65.4 55.7 55.6 69.3 58.2 58.2 69.7 74.6 63.7 63.9     768.9 
  Highest Monthly Rainfall (mm) 
  285.0 182.0 308.6 231.2 288.0 320.8 255.9 227.6 213.8 226.6 158.2 173.7 
  Lowest Monthly Rainfall (mm) 
  2.3 0.0 0.0 0.0 0.0 2.4 4.0 0.0 18.8 7.6 0.0 0.0 
 
 
